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MACROINVERTEBRATE FAUNA AND WATER QUALITY IN 
TWO IRRIGATION CHANNELS IN THE 
SHEPPARTON IRRIGATION REGION, VICTORIA 


Ben J. Kei-ford' & Tim J. Doeg- 

' Freshwater Ecology. Arthur Rylah Institute for Environtnental Research, 
Dcptulmcnt of Natural Resources & Environment, 

12.^ Brown St, Heidelherg, Victoria 3084, Australia 
^77 Union St, Northcotc, Victoria 3070. Australia 

Kefford, B, K. & Doeg, T, J,. 1999:11:30. Macroinvertebrale fauna and w.ater quality in two 
irrigation channels in the Shepparlon Irrigation Region, Victoria. Proceedings of the Royal 
Society of Victoria 111(2): 131-139. ISSN 00,35-9211. 

A large amount of water is diverted from rivers into imgation channels in northern Victoria, 
but little is known of the biological communities of irrigation channels. A preliminary survey 
of tnacroinvcrtchrates and water quality was conducted in two irrigation channels southwest 
of Shepparton. Victoria. The macroinvertebrate fauna was relatively rich when comp.ared to the 
surv'eys in disturbed streams in northern Victoria. Macroinvertebrale population and community 
structure changed with distance downstream in both channels. Taxa richness and abundance 
decrea.sed and the coitimunily become more depauperate with increasing distance downstream. 
Similarly, water quality deteriorated with distance dowmslrcam in both channels, with EC 
turbidity, NO 2 -N, and PO 4 increasing downsliearn in both channels, while, NOt-N concentration 
decreased in only one of the two channels. However, the temporal stability of these relationships 
is unknown. There is scope for considerable biological investigations in irrigation channels, 
which would have practical and theoretical outcomes. 

Key words: aquatic macroinvertebrates, water quality, Shepparton Irrigation Region, irrigation 
channels, longitudinal changes. 


MANY niacroinverlcbralc surveys have been 
conducted in streams, lakes and artificial impound¬ 
ments in Victoria. However, despite the widespread 
occurrence of open irrigation channels throughout 
northern Victoria, there arc few records of 
macroinvertebrate surveys in irrigation channels. 

Irrigation channels have been designed, con¬ 
structed and managed for the supply of irrigation 
water to farms and no attempt has been made in 
their design or management to benefit aquatic biota. 
However, water quality and biological health of 
irrigation channels arc issues as overfiow from 
irrigation channels generally Hows back into rivers. 
This paper reports on a macroinvcrtcbratc survey 
in two irrigation channels in the .Shepparton 
Irrigation Region. The original aim of the survey 
was to investigate the effect of saline water disposal 
into one of the two channels on macroinvcrtcbratcs. 
Contrary to expectations, large longitudinal changes 
in macroinvcrtcbratcs and water quality swamped 
any changes due to .saline water dispo.sal in both 
channels, so this paper reports only on thc.se 
longitudinal changes. 


METHODS 

Site information 

Macroinvertebrates were sampled from 19 sites 
along two irrigation channels (Channels 2 and 4), 
approximately 15 km .southwest of Shepparton near 
the town of Murchi.son. Both channels are supplied 
with water from the Stuart Murray Canal, which 
is supplied with Goulburn River water diverted at 
the Goulburn Weir near Nagambie. 

Channel 2 varied in width between 4 and 10 m, 
while Channel 4 varied between 9 and 15 m. Both 
channels were elevated above the surrounding land 
by means of earthen levee banks, and the only 
riparian vegetation tended to be grasses, sedges 
and the occasional shrub. The channels commonly 
had a band of aquatic macrophytes along both sides 
with a width up to 3 m. The substrata of each 
channel was mud. Channel 4 received saline ground 
water disposed into it at several places. While 
Channel 2 received a smaller amount of saline 
water at the northern (downstream) end, which 
potentially affected two sites (Kefford 1996). 
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Channel 

Statistic 

EC 

Temperature 

DO 

pH 

NO.r-N 

NO 2 -N 

PO4 

Turbidity 

4 

Minimum 

49 

20 

7.3 

6..57 

0.09 

0.002 

0.06 

28 

4 

Maximum 

24.3 

25 

15.9 

8.37 

2.10 

0.041 

0.17 

67 

4 

Median 

125 

22 

8.6 

6.91 

1.01 

0.(K)9 

0.07 

40 

4 

Mean 

122 

22 

10.8 

7.03 

1.05 

0.015 

0.09 

42 

2 

Minimum 

44 

19 

7.4 

6.25 

0.10 

0.(K)7 

0.06 

38 

2 

Maximum 

180 

25 

8.1 

7.36 

0.13 

0.046 

0.23 

255 

2 

Median 

45 

23 

7.6 

6.95 

0.10 

0.039 

0.13 

78 

2 

Mean 

76 

22 

7.7 

6.90 

0.10 

0.033 

0.13 

97 


Table /. Summary of water quality. 


a b 




c 


d 




Fij< I. Relationship between distance downstream (km) from the Stuart Murray Canal and (a) EC (pS enr' @ 
25°C), (b) pH, (c) vegetation width (m) and (d) channel width (m) where X = Channel 4 and O = Channel 2. 
Note the mean of the three replicate measurements is shown. 
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Irrigation channels are periodically treated with 
pesticides to control aquatic macrophytes. As this 
would affect the habitat of macroinvertebrates 
and possible directly affect the macroinvertebrates, 
the two channels were chosen at a time when 
neither had been treated w'ith any pe.sticide for 
at least two years prior to sampling (P. Butcher 
& P, Dickenson, Goulbourn-Murray Water, Tatura, 
pers. comm.). The land use in the vicinity is 
irrigated pasture for dairy cattle and irrigated 
fruit trees. 

Sctmpliiif’ method 

Sampling was conducted between 5 and 7 February 
1996, at II sites m Channel 4 over approximately 
40 km and eight sites over approximately 30 km 
in Channel 2. The distance to each site from 
the Stuart Murray Canal was measured from 
1:100 000 topographical maps and was used 
to investigate longitudinal relationships in the 
channels. At each site three replicate samples were 
randomly taken using a standard sweep with a net 
(mesh size 250 pm) with each sample taken from 
approximately 4 m length of channel. Tlie net was 
swept through any macrophytes present and along 
the bank of the channel. 

A Horiba Waterchecker (UlO) was used to 
measure electrical conductivity (EC) (pS/cm @ 
25°C), pH, dissolved oxygen (DO) (mg/L) and 
water temperature (°C) after calibration. The width 
of both the macrophyte band and the channel were 
recorded. Measurements of other habitat variables 
known to affect macroinvertebrates. such as particle 
size of substrate, riparian vegetation and shading, 
were not taken because visual observations judged 
these variables to be relatively uniform in both 
channels. 

At each site a one-litre water .sample was taken 
and then stored in a light proof Esky filled with 
ice. A Merck photometer (.SQ 300) was used to 
measure the NO 2 -N (mg/L). NOj-N (mg/L), PO 4 
(mg/L) and turbidity (NTU) of thc.se samples at 
the end of each day’s .sampling. 

Macroinvertebrates were identified to family 
or genus level. Identification was not taken to 
species level because of the considerable additional 
resources that w'ould be recpiired, probably for 
relatively little benefit (Marchant et al. 1995; 
Wright et al. 1995). 

RESULTS 

Water quality and habitat 

Water quality in terms of salt, temperature and pH 


was good compared to what would be expected in 
a degraded fioodplain stream in Victoria (Lad.son 
et al. 1999). However, water clarity and nutrient 
concentrations did reach quite low/high levels, 
respectively, in a few samples (Table I). 

In both channels, EC. turbidity, NO 2 -N and 
PO 4 incrca.sed with distance downstream (Figs 1, 
2; Table 2). Note longitudinal changes in water 
temperature and DO are not reported due to the 
po.ssible confounding effect of the time of day 
that a site was sampled. In addition to the water 
quality variables, both channels tended to decrease 
in width downstream because of the use of water 
for irrigation. Although the above water quality 
and habitat variables all moved in the same 
direction with distance down.strcam in both 
channels, .several differences existed between 
the two channels. At a given distance turbidity, 
NO 2 -N and PO 4 tended to be greater in 
Channel 2 than Channel 4, while the reverse was 
true with channel width (Figs I, 2; Table I). 
Additionally, EC stayed constantly low for longer 
and rose to a lower maximum in Channel 2 than 
Channel 4 because of differences in dovvnstream 
saline water disposal. There were other differences 
between the two channels. NO 3 -N concentration 
decreased only in Channel 4 with distance down¬ 
stream (Fig. 2a). Only in Channel 2 did aquatic 
vegetation on the banks lend to decrease in width 
with distance downstream (Fig. Ic). 

Due to several of the water quality and habitat 
variables being correlated with distance down¬ 
stream. the patterns in the multivariate combination 
of these variables was investigated using 
corrclation-ba.sed principle component analysis 
(PCA). The dominant trend m the multivariate 
combination was longitudinal, represented by 
Factor 1 (Fig. 3). There was also a difference in 
the multivariate combination of water quality and 
habitat variables between the two channels as 
represented by Factor 2 (Fig. 3). The differences 
in Factor 1. and thus the two channels, was 
associated with vegetation width, pH and EC 
and. to a lesser extent, nitrate (NOi-N) (Fig. 4). 
While Factor 2, and thus the longitudinal trend, 
was associated with nitrite (NO 2 -N). PO 4 and 
channel width (Fig. 4). 


Macroinvertebrates 

Fifty-eight maeroinvertebrate taxa from 50 families 
and two fish species were identified from the 
channels. Taxa richness and total number of macro¬ 
invertebrates decreased significantly at the 0.05 
level with distance downstream in both channels 
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EC 

pH 

NOj-N 

NO 2 -N 

PO 4 

Turbidity 

Vegetation 

width 

Channel 

width 

Transformation 

nil 

nil 

nil 

login 

login 

login 

nil 

nil 

Channel 2 

r = 0.83. 

P = 0.011 

r = -0.038. 
P = 0.929 

r = -0..38. 

P = 0.354 

r = 0.74. 

P = 0.034 

r = 0.84. 

P = 0.011 

r = 0.89. 

P = 0.003 

r = -0.73. 

P = 0.040 

r = -0.77, 
P = 0.024 

Channel 4 

r = 0.85. 

P = 0.001 

r = 0.47, 

P = 0.144 

r = -0.6S. 

I> = 0.030 

r = 0.99. 
P< 0.001 

r = 0.75, 

P = 0.009 

r = 0.76. 

P = 0.029 

r = 0.39, 

P = 0.235 

r = -0.73, 
P = 0.011 


Table 2. Correlations between distance downstream (km) from the Stuart Murray Canal and water quality and 
habitat variables in the two channels. Correlations significant at the 0.05 level arc in bold. 
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DISTANCE 


Fif’ 2. Relationship between distance downstream (km) from the Stuart Murray Canal and (a) NCij-N or 
nitrogen as nitrate (mg/L). (b) NO 2 -N or nitrogen as nitrite (mg/L), (c) PO 4 (mg/L) and (d) Turbidity (NTU), 
where X= Channel 4 and O = Channel 2. Note the logio Y-axis for all graphs except (a). 
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(Figs 5, 6). Despite the differences in water quality 
and habitat the above relationship with taxa rich¬ 
ness did not differ significantly between the two 
channels (F= 1.074, df= I. 16. P = 0.3I3). While 



Fin T ordination plot, where X = Channel 4 

and 0 = Channel 2 and the higher the spike the further 
downstream the sample is from the Stuart Murray 
Canal (km). Note Factor 1 explains 46% of variance in 
the water quality and habitat parameters and Factor 2 
explains 22%. 



Fin 4. Factor loading plot. Note turbidity is not 
included as it was tnistakenly not measured at 3 sites, 
VEG = vegetation width, WIDTH = channel width and 
other variables tts labelled. 


the relationship with total number of individuals 
only differed by a marginally statistically significant 
amount (F = 3.I0I, df= I, 16, P = 0.094), clearly 
the longitudinal differences within a channel were 



Fin •5. Relationship between distance downstream (km) 
from the Stuart Murray Canal and total number of 
individuals per sample (TOTAL), where X = Channel 4 
and 0 = Channel 2. Note the log scale and the mean 
of the three replicate samples is shown. Regression line 
and 95% confidence limits are calculated from data from 
both channels, r = -0.83, P <0.001. 



Fin Relationship between distance downstream (km) 
from the Stuart Murray Canal and taxa richness (RICH¬ 
NESS), where X = Channel 4 and O = Channel 2. Note 
the mean of the three replicate samples is shown. 
Regression line and 95% confidence limits are calculated 
from data from both channels, r = -0.80, P< 0.001. 
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much greater than any differenees between the 
channels (Figs 5, 6 ). Furthermore, the relationship 
between taxa richness and distance downstream 
was stronger than the relationships between taxa 
richness and the PCA factors (Table 3) and the 
measured water quality and habitat variables. 
Similarly, the same situation applied with total 
number of individuals. Consequently the corre¬ 
lations between taxa richness and the total number 
of macroinvertebrates and water quality parameters 
were calculated after taking into account the 
relationship with distance downstream. These corre¬ 
lations are known as partial correlations (Table 4). 
Only one of these partial correlations was signi¬ 
ficant at the 0.05 level, however, due to 16 multiple 
comparisons, this result may have been due to 
chance. Thus after taking into account the effect 
of longitudinal changes along the channels, there 
was little or no measurable effect of the water 
quality parameters measured. This implies that 
either some combination of the measured water 
quality and habitat parameters or some factor(s) 
correlated with them were the cause of the 
longitudinal changes in macroinvertebratc fauna. 

Of the 58 macroinvertebrate taxa, 29 were 
considered abundant enough to conduct univariate 
analyses (Table 5). The abundance of 18 of the 
common taxa decreased with distance downstream 
(km) at the 0.05 level and an additional taxon 


Macroinvertebrate data was logio(x-i-l) trans¬ 
formed and the Bray-Curtis similarity coefficient 
was calculated between sites. The resulting triangle 
matrix was ordinated using the specific method 
of multi-dimensional scaling (MDS), with the aid 
of the software PRIMER. The ordination showed 
longitudinal trends within the channels and some 
difference in the longitudinal trend between the 
two channels (Fig. 7). 

DhSCUSSION 

Unlike natural streams, irrigation channels receive 
little agricultural runoff due to their elevation 
above the surrounding land and the presence of 
the levee banks along the channel. Consequently, 
the water quality changes arc unlikely to be a 
direct consequence of agricultural activities on 
the surrounding land. The increase in electrical 
conductivity is almost certainly due to the dispo.sal 
of saline groundwater as the increases coincide 
with points of saline water disposal. As NO.r in 
groundwater can be quite high (Harrison 1994) and 
the majority of the nitrogen in groundwater around 
Shepparton is NO 3 (Bauld 1991), the increase in 
NOj-N in Channel 4 is likely to be due to the 
groundwater disposal. The increase m NO 2 -N 
cannot be solely explained by NO 3 , from the 
groundwater, oxidising to NO 2 because NO 2 -N 


decreased at the 0.: 
one taxon increased 

1 level (Table 5). In contrast 
in abundance at the 0.1 level. 

increased in Channel 2 upstream of any ground¬ 
water dispo.sal. 


Factor 1 

Factor 2 Factor 3 

Richness 

Login total 

r = -0.59, P = 0.008 
r = -0.59, P = 0.008 

r = -0.33, P = 0.I62 r = -O.I5. P = 0..54l 

r = -0 40. P = 0n94 r = -0.05. P = 0.836 

Table 3. Correlations 
the 0.05 level are in 

between macroinvertebratc summary statistics and PCA factors. Correlations significant at 
bold and those sicnificant at the 0.1 level are underlined. 

Parameter 

Partial correlation with taxa richness Partial correlation with total no. of macroinvertebrates 

EC 

pH 

Nitrate (NO.r-N) 
Nitrite (NO 2 -N) 

PO 4 

Turbidity 

Vegetation width 
Channel width 

r = 0.33, P = 0.176 
r = -().20, P = 0.426 
r = 0.14, P = 0.584 
r = -0.48. P = 0.044 
r = -Q.44. P = 0.062 
r = -0.24, P = 0.3.34 
r = 0..39. P =0.101 
r = 0..39, P = 0.I08 

r = ().22, P = 0.376 
r = 0.17. P = 0.507 
r = 0.46. P = 0.0.56 
r = -0.30. P = 0.263 
r = -O.I3, P = 0.609 
r =-0.2.3, P = 0.407 
r = 0.30, P = 0.2I9 
r = 0.07, P = 0.789 


Table 4. Correlations between macroinvertebrate summary statistics and water quality/habitat parameters after 
taking into account effect of distance downstream from the Stuart Murray Canal. Correlations significant at the 
0.05 level are in bold and those significant at the 0.1 level arc underlined . 
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Order 

Family 

Genus species 

Decrease 

Increase 

Amphipoda 

Ccinidae 





Eu.siridae 


** 



immalurc 




Dccapoda 

Alyidae 
other Atyidae 

Paratya australiensis 

** 



Parastacidae 

Clienix destructor 



Cladocera 


Duphnia 

** 


O.stracoda 

Anostraca 

Branehinella 


** 


Ga,slropoda 

Aneylidae 

Ferrissia 

** 


Diptcra 

Chironomid.ie 





Culiddac 


* 


Colcoptera 

Dytiscidac 


** 



Staphilinidae 




Copepoda 

Cyelopoda 

Calanoida 




Ephcmcroplera 

Caenid,ae 

Baelidae 

Lepiophlebiidae 

immature 


** 

* 

Hemiptcra 

Corixidae 

Notonectidac 

Mesoveliidae 




Trichoptera 

Hydroptilidae 

Leploceridae 


** 


Odonata 

Lestidae 


** 



immature 


** 


Arancae 



** 


Hydracarina 



** 



Table 5. List of the 29 most abundant taxa recorded. Taxa with a significant decrease or increase in abundance 
with distance downstream of the Stuart Murray Canal (km) are shown (**P<0.05; *P<0.10). 



Fif; 7. Ordination plot, where X = Channel 4 and 0 = 
Channel 2 and the higher the spikes the further down¬ 
stream the sample is from the Stuart Murray Canal (km). 
Note, ordinated in three dimensions and stress = 0.17. 


The dominant pattern in macroinvertebrate fauna 
is a decline in the abundance and richness of the 
community with distance along the channels, which 
parallels the changes in water quality. Similarly, 
community structure, as evidenced by ordination 
scores, changed con.sistently with distance down¬ 
stream in both channels. After taking into account 
this longitudinal change in the macroinvertebrate 
fauna, the measured water quality parameters were 
relatively poorly correlated with the richness and 
the abundance of the macroinvcrtcbratc community. 
Interestingly, the longitudinal change in taxa 
richness and total number of individuals were 
very similar in both channels, despite some 
differences in the longitudinal trends in water 
quality and habitat variables changing between 
channels. Furthermore, several of the water quality 
variables that changed in a similar direction in 
both channels did so starting from different 
baselines, and finishing at different levels. The.se 
ob.scrvations suggest that measured water quality 
and habitat variables in each channel cannot totally 
explain the similarity in the longitudinal changes 
in macroinvertebrate fauna. 
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Longitudinal changes in macroinvertebralc fauna 
in natural rivers arc well known (Marchant ct al. 
1999) and several theories have been proposed 
for these changes (Vannote ct al. 1980; Statzner 
& Higlcr 1986). However, the magnitude of the 
changes observed in the irrigation channels was 
considerably greater than commonly observed in 
natural rivers. In the current study, the total number 
of taxa per .sample decrea.sed by approximately 
0.3 of a taxon per km of irrigation channel. This 
compares to Marchant ct al. (1999) who examined 
macroinvertebrate fauna at 199 sites in natural 
rivers throughout Victoria and found longitudinal 
changes in community structure, but did not find 
any relationship between the distance of a site from 
the source of the river and species richness. 

The occurrence of longitudinal patterns in both 
irrigation channels and natural rivers is made more 
interesting as the volume of water flowing, width 
and depth in irrigation channels decreases with 
distance downstream due to the use of water for 
irrigation. In natural rivers, these factors usually 
increase due to greater upstream catchment area. 
Additionally, longitudinal changes in substrate com¬ 
position and riparian vegetation that commonly 
exist in natural rivers do not occur in irrigation 
channels. Studies comparing longitudinal patterns 
in biota, water quality and habitat in both irrigation 
channels and natural rivers may provide a u.se- 
ful environment to investigate the causes of 
longitudinal patterns in stream biota. 

Macroinvertebratc surveys of waterways in rural 
landscapes are comparatively rare. However, the 
number of macroinvenebrate taxa collected in 
the two channels (50 families) is relatively large, 
especially when compared to natural streams 
that have undergone some disturbance in northern 
Victoria. While differences in sampling regimes 
make compari.sons somewhat difficult. Tiller (1991) 
collected only 27 families from 8 sites in Fifteen 
Mile Creek, a tributary of the Ovens River polluted 
with waste water discharge. In Bendigo Creek, 
up and downstream of Bendigo, Metzeling & 
Pettigrove (1988) collected only 39 families 
from 6 sites. While irrigation channels do not 
have the complex habitat found in rivers, .such as 
large woody debris, floodplains, undercut banks, 
meanders and complex currents, significant amounts 
of habitat are found in the fringing vegetation along 
the banks. Although irrigation channels arc not 
presently designed for biodiversity benefits, there 
appears to be a relatively rich fauna associated 
with the channels, especially in their upstream 
sections. 

As diversion of water from rivers into the 
channels places stress on rivers downstream of 


the diversion, the channels as presently designed 
provide habitat for some stream species. However, 
it was evident that the biodiversity value of the 
two channels under inve.stigalion diminished with 
distance downstream. It may be po.ssible to alter 
the design and manage channels to increase the 
biodiversity value they provide. Two design and 
management measures that could be introduced to 
existing irrigation channels that are likely improve 
their habitat value include: riparian vegetation 
for shading and debris and the minimal use of 
pesticides in channels. However, there is a large 
amount of research and development needed before 
specific recommendation can be made. 
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Middle and Upper Cambrian polymerid trilobite faunas are described from the Fengmuping, 
Laochatian, Ting/.iguan and Jiantang Fonnations of the Haichongkou section in the Fenghuang 
area. Western Hunan Province. China. A total of 32 species belonging to 29 genera and 
subgenera are described, including Trigoceithalus gen. nov. and Tuojiangella gen. nov., and 
7 new species (Corynexoclius hiinanensis sp, nov.. Onchonotellus fenghuangensis sp, nov., 
Trigocephalus Irigoformis gen. et. sp, nov., Tuojiangella tiwjiangeiisis gen. et. sp. nov.. 
Pseudoyaepingia jiantangensis sp. nov., Koldinioidia (Uriamnica) labakouensis sp. nov. and 
Ivshinaspis formosa sp. nov.). Four trilobite assemblages and their conelations with trilobite 


faunas of China and overseas are outlined. 

THIS paper deals with the polymerid trilobites 
of Middle and Upper Cambrian strata in the 
Fenghuang area, Western Hunan, China (Fig. 1). 
This area is one of the most richly fossiliferous 
areas in China for Middle and Upper Cambrian 
trilobites, yielding abundant polymerids and 
agnostids. Field investigation in 1992 and 1995 of 
the Cambrian sequence stratigraphy and 1:50 000 
regional geological mapping of this area had been 
carried out by the senior author. Tlie purpose of 
this paper is to document the Middle and Upper 
Cambrian polymerid trilobites; agnostids are also 
being studied and will be published elsewhere. 

The trilobites from the Fenghuang area have 
been regarded as belonging to the ‘Transitional 
Type’ of Lu et al. (1974), or the ‘platform margin 
type’ of the Yangtze biomc Yang (1988), siluated 
between faunas of the ‘North-China Type’ 
dominated by benthic polymerids and the ‘.South- 
east-China Type’ typified by abundant planktonic 
agnostids. The Fenghuang trilobite fauna is an 
admixture of abundant angnostids and polymerids. 
Trilobites described in this paper were collected 
from the Haichongkou section 15 km northwest of 
Fenghuang county (Fig. 1). 

Palaeogeographically, the Fenghuang area was 
located within the Jiangnan Slope Belt during the 
Middle and Late Cambrian, lying between the 
Yangtze Platform (of the ‘North-China Type’ of 
Lu et al. 1974) and the Jiangnan Basin (of the 
‘Southeast-China Type’ of Lu et al. 1974) (Fig. I). 
Middle and Upper Cambrian deposits of this area 
arc dominated by carbonates including dolostoncs. 


STRATIGRAPHY 

The Middle and Upper Cambrian strata of the 
Haichongkou section arc assigned to five 
formations (Fig. 2). 

Tonggiiicin Formation (70 m). Mainly of thick- 
bedded dolostonc; unfossiliferous; it is referred to 
the Middle Cambrian in accordance to the over¬ 
lying Middle Cambrian faunas. 

Fengmtiping Fonncilion (about 275.3 m thick). 
Argillaceous limestone interbedded with thin- 
bedded lime-rubbly limestone in the middle and 
upper parts; and laminated argillaceous limestone 
interbedded with silty shale in the lower pari. 
Most of the trilobites contained here (Fig. 2) are 
known in the Middle Cambrian in South China. 
In particular, Prodameselkt Chang is considered an 
index of the Middle Cambrian in South China 
(Yang 1978). 

Laochatian Formation (about 35 m thick). Mainly 
limestone breccia interbedded with thin-bedded 
limestone (Beds 16-20 in Fig. 2). Shengia Hsiang 
and Proceratopygc Wallcrius, both key elements of 
the Liostracina-Chatiania Zone of the early Late 
Upper Cambrian in Western Hunan (Yang 1978), 
indicate that the Laochatian Formation is early Late 
Cambrian in age. 

Tingzigitan Formation (about 474.7 m thick). It is 
composed mainly of carbonates and characterised 
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Fif^. /. Geological sketch and distribution of the Middle and Upper Cambrian in west Hunan, with Middle and 
Upper Cambrian biogeographical regions, l^^end: 1, location of measured section; 2. south boundary of the 
Jiangnan Slope Belt in mid-Iatc Late Catnbrian; 3, north boundary of the Jiangnan Slope Belt in late Late 
Cambrian, 4, north boundary of the Jiangnan Slope Belt in middle Late Cambrian to early Late Cambrian. 


Fig. 2. Stratigraphical distribution of trilobitc species in the Fcngmuping, Laochatian, Tingziguan and Jiantang 
Formations of the Haichongkou Section, Western Hunan, China. Legend: I, limestone; 2, argillaceous limestone 
interbedded with limestone breccia; 3, dolostone; 4, argillaceous limestone; 5, silty shale; 6, lime-rubble rock. 
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by rubbly limestone inlerbedded with argillaceous 
limestone in the upper part; argillaceous limestone 
interbedded with rubbly limestone in the middle 
part; and argillaceous limestone interbedded with 
thin-bedded limestone breccia (Beds 21-54 in 
Fig. 2) in the lower part. Of these species. Pseudo- 
yuepingia sp.. Chuangia sp. and Proceratopygc 
(Sinoproceraiopyge) latirhachis Zhou are known in 
the Chuangia-Prochiumgia Zone of the Upper 
Cambrian in Western Hunan (Yang 1978) and these 
genera are common in the Upper Cambrian of 
North China. 

Jianlaiig Fonnation (about 215.7m thick). Argil¬ 
laceous limestone interbedded with rubbly lime¬ 
stone in the lower part; and mainly argillaceous 
limestone interbedded with rubbly limestone in the 
middle and upper parts (Beds 55-82 in Fig. 2). 
Chuangia cf. haiia (Walcott) is characteristic of 
the Gushanian and Changshanian of North China 
and the Upper Cambrian of Western Hunan. 


BIOSTRATIGRPHY AND PALAEOECOLOGY 

Based on the stratigraphic distribution of irilobite's 
species (sec Fig. 2), four assemblages arc recog¬ 
nised in the Haichongkou section (Fig. 2). The 
lower boundary of each assemblage is defined by 
the first appearance of certain trilobites species, 
while the top of each assemblage is defined by 
the last occurrence of the same or some other 
species. 

Jiangnania fuyangeiisis-Fenghuangella laocha- 
tianensis Assemblage. This assemblage occurs in 
argillaceous limestone interbedded with thin 
limestone breccia and shale (Bed 15; Fig. 2). The 
substrate was soft in a low-energy environment, 
probably at a basin margin or on the middle 
and lower parts of a platform margin slope. This 
assemblage is characterised by the first appearance 
of Jiangnania fuyangensis Lu & Lin. Regionally, 
this as.semblagc occurs in the Tingziguan and 
Laochatian areas, some 10 km east of the 
Haichongkou section, where the correlative trilo¬ 
bites were considered to be the typical forms of 
the ‘Transitional Type’ Fauna by Lu ct al. (1974). 
The same trilobite fauna has also been found in 
the Paradamesops jimaensis-Cyclolorenzella luma 
Subzonc of the Lejopyge armata Zone in north¬ 
western Hunan and eastern Guizhou provinces 
(Yang 1978, 1984; Peng 1987, 1992; Dong 1990, 
1991; Lin 1991). 


In addition, some key elements such as 
ParadamescUa cf. decemospinosa Yang and P. cf. 
typica Yang of the present assemblage were also 
reported from the Damesella towsa-Ascionepea 
janitrix Zone of the Middle to Upper Cambrian of 
Queensland ((3pik 1961. 1967). 

Neoanomocarella asiatica-Proceratopyge (iMpno- 
riles) ortiwgonialis Assemblage. This assemblage 
extends over some 35 m thick strata, corresponding 
approximately to the rubbly limestone interbedded 
with thin bedded limestone (Beds 16-21) of the 
Laochatian Formation (Fig. 2). The assemblage is 
marked by the first appearance of Neanomocarella 
asialica Hsiang. In addition, Proceratopygc (L.) 
orlhogonialis Yang is also found in a great quantity; 
Charchaqia sp and SItengia sp. are also important 
members of the assemblage. Most of these elements 
were thought of as typical forms of the ‘Transitional 
Type’ Faunas of Lu et al. (1974) and have also 
been reported from the Liostracina-Chatiania 
Assemblage Zone of northwestern Hunan and 
eastern Guiz,hou provinces (Yang 1978, 1984; Peng 
1987, 1992; Dong 1990, 1991; Lin 1991), and 
from the Upper Cambrian of North China (Lu 
et al. 1982). 

Corynexochus hunanensis-Pseudoyuepingia jiant- 
angeitsis Assemblage. This assemblage is recog¬ 
nised from the interbeds of the rubbly limestone 
and argillaceous limestone (Bed 22) of the 
Tingziguan Formation (Fig. 2). The fine grained 
and muddy lithology suggests that the trilobites 
probably lived in a varied environment, ranging 
from the middle part to the middle and upper parts 
of a gentle slope of a carbonate platform. The 
abundant occurrence of Corynexochus hunanensis 
sp. nov. and Pseudoyuepingia jianlangensis sp. nov. 
defined this assemblage. 

Several other new species also occur in this 
assemblage; OnchonotcUus fenghuangensis sp. nov. 
Trigocephalus trigoformis gen. et. sp. nov. and 
Tuojingella tuojiangensis gen. et. sp. nov. Some 
of these, including Onchontellus cf. kurukiagensis 
Zhang, O. fenghuangensis sp. nov., Chuangiella cf. 
elongata Kobayashi, Trigocephalus trigoformis 
sp. nov. and Tuojiangella tuojiangensis sp. nov. 
are key elements of the Irvingella Assemblage Zone 
of the ‘Transitional Type’ Fauna by Lu et al. (1974) 
from northwest Hunan and eastern Guizhou 
provinces (Yang 1978, 1984; Peng 1987, 1992; 
Dong 1990, 1991; Lin 1991). 

Koldinioidia (Liriamiiica) labakouciisi.s-Ivshiiia.spis 
fonnosa Assemblage. The frequent occurrences 
of Koldinioidia (L) labukouensis sp. nov. and 
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Ivslwiaspis formosa sp. nov. characterise this 
assemblage, which is found in the muddy-limestone 
interbedded with nibbly limestone (Beds 58-79) of 
the Jiantang Formation (Fig. 2). These lithological 
features suggest that the substrata on which these 
trilobitcs lived were lime mud, corresponding 
probably to the middle-upper parts of a gentle 
slope of a carbonate platform. 

Other trilobite species are Chuangia cf. hatia 
Walcott, Saiikia sp. and Euloma (Aivliaeuloma) 
laoyuanensis Peng. Among these, Koletiiiioulia (L) 
lahakoueitsis sp. nov. and Saiikia sp. were also 
found in the Lotagnostus (L) ptmctatus-Hcdinaspis 
regalis As.semblage Zone in northwest Hunan (Yang 
et al. 1984). 


SYSTEMATIC PALAEONTOLOGY 

Terminology follows Moore (1959). Material is 
housed in Mu.seum Victoria, Melbourne (NMV P). 
Each measured and illustrated specimen bears a 
field collection number (eg. HFH 22.29-1), where 
HFH .stands for Hunan Fenghuang Haichongkou 
Section, 22 number of bed, 29 number of specimen 
from the bed, and 1 number of this fossil. 


Order PTYCHOPARIIDA Swinnerton, 1915 
Suborder ASAPHINA Salter, 1864 
Superfamily ASAPHOIDEA Burmeister, 1843 
Family ASAPHIDAE Burmeister, 1843 
Subfamily NIOBINAE Jaanusson, 1959 

Genus Niobella Reed, 1931 
Type species. Niobe homfrayi Sailer, 1866, 


Niobella cf. yangjiawanensis Chien, 1961 
Fig. 3A-C 

cf. Niobella yangjiawanensis Chien 1961: 105, pi. 3, 
figs 1, 2. 

cf, Niobella yangjiawanensis —Lu et al. 1965: 502. 
pi. 102, fig. 3. 

cf. Niobella Yangjiawanensis —Lu & Lin 1989: 144, 
pi. 23. fig.'?. 

Material. NMV P1456713, collection number HFH 22. 
29-1; NMV PI4.56714. collection number HFH 22.28-2; 
NMV PI456715, collection number HFH 22.55-1. 


Description. Pygidium semicircular; axis conical, 
moderately convex with four to five rings and a 
terminal lobe, its width is about one-quarter that 
of pygidium; pleural and interpleural furrows weak, 
dividing pleural region into five to six ribs; border 
flat and wide, with fine co-marginal terrace lines 
on external surface. 

Comments. These specimens are very similar to 
the holotype of N. yangjiawanensis Chien (1961; 
105, pi. 3. figs I, 2) from the Upper Cambrian 
of southeastern Guizhou, but are distinguished by 
having an axis with seven to eight rings, narrow, 
about one-fifth width of pleural region. This species 
differs from N. chid Lu et al. (1965; 501, pi. 101, 
figs 4-6) in that the latter has an axis of pygidium 
with 8 to 10 axial segments; pleural region with 
6 to 7 pleurae; and pronounced pleural furrows 
extending to the border. 

Stratigraphic horizon. Corynexochus hunanensis- 
Pseudoyuepingia jiantangensis Assemblage, Upper 
Cambrian. 

Superfamily CERATOPYGOIDEA 
Linnarsson, 1869 

Family CERATOPYGIDAE Linnarsson, 1869 

Subfamily PSEUDOYUEPINGllNAE 
Lu & Lin, 1989 

Genus Pseudoyuepingia Chien, 1961 
[=Iwayaspi.s Kobayashi. 1962] 

Type .species. Pseudoyuepingia modesta Chien. 1961. 

Discussion. Chien (1961) erected the genus on 
the basis of specimens from the Upper Cambrian 
of Guizhou. IwayasjHs Kobayashi (1962) is con¬ 
sidered a junior synonym of Pseudoyuepingia. 
Pseudoyuepingia is comparable to Proceratojyyge 
Wallerius (1895), but the latter has stronger 
glabellar furrows and a pair of lateral spines on 
the pygidium. 

Pseudoyuepingia jiantangensis sp. nov. 

Figs 3E, F, H; 4A, B; 5a, b 

Etymology. For Jiantang village, where these specimens 
were collected. 

Holotype. NMV P1456716. collection number HFH 22. 
38-1, a complete cranidium. 

Paratypes. NMV P1456717, collection number HFH 22, 
33; NMV P14.56718, collection number HFH 22.37-1; 
NMV PI456780, collection number HFH 22.10-3; NMV 
PI4.5678I, collection number HFH 22.57. A cranidium 
and nine pygidia arc available. 
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Diagnosis. Miniature trilobite; glabella almost 
parallel-sided and convex: prcglabellar field long 
and flat; fixigena relatively narrow and slightly 
convex; posterolateral limbs narrow and triangular. 

Description. Cranidium subtriangular, slightly con¬ 
vex; glabella nearly subtriangular. truncated in the 
front, with a small node at the posterior just in 
front of the occipital furrow; axial furrows wide 
and shallow; glabellar furrows indistinct. Palpebral 
lobes comparatively large, about half of glabellar 
length, just anterior to the glabellar midlength. 
Occipital furrow wide, shallow, connecting with 
axial furrows; occipital ring uniformly of moderate 
width; fixigena narrow, le.ss than half glabellar 
width (Gn). Posterior border furrows shallow and 
wide; posterolateral limbs triangular and narrow; 
preglabcllar field deprc.ssed; anterior border slightly 
upturned. Anterior sections of facial suture almost 
parallel. Pygidium broad and elliptical; axis convex 
and conical in outline, about one-third as wide as 
pygidium (Wp), with 4 axial segments and a conical 
shaped terminal axial segment protruding into the 
marginal border; axial furrows pronounced; pleural 
regions flattened, with 4 to 5 pairs of wide and 
shallow pleural furrows, first pair of pleural furrows 
extending into border. Border wide and gently 
convex, ornamented by many terraces at the 
anterior of border. 

Discussion. This species differs from P. zhejing- 
ensis Lu & Lin (1989: 155. pi. 27, figs 2-5) by 
its more rounded glabellar anterior, and its shorter 
and deeper anterior border furrow. The occipital 
furrow of the new species is indistinct, and its 
pygidial pleural furrows are deeper and narrower. 

The new species also differs from P. elongata 
Lu & Lin (1989: 156, pi. 27, figs 6-8) by 
possessing a longer posterior cranidium and a 
narrower and longer glabella. The new species 
is similar to P. brevica Lu & Lin (1989; 156, 
pi. 27, figs 9-13), but differs from the latter 
by its wider glabella in the latero-postcrior part 
and smaller palpebral lobes near the glabella, 
whereas the axis of the pygidium of the latter is 
shorter and wider than that of the new species. 
P. intermedia Lu & Lin (1989: 157, pi. 28, 


figs 2-5) is unable to be confused with the new 
species by its smaller palpebral lobes about one- 
third as long as glabella (Gn). The new species 
also differs from P. laochatianensis Yang (1987: 
69, pi. 3. figs 5-17) by its posterior cranidium 
with 3 pronounced semicircular glabellar furrows. 

Stratigraphic horizon. Coryne.mchus hunanensis- 
Pseudoyuepingia jiantangensis Assemblage, Upper 
Cambrian. 

Genus Charchaqia Troedsson, 1937 
7ype species. Charchaqia norini Troedsson, 1937. 

Charchaqia sp. indet. 

Fig. 4C 

Material. NMV PI4567I9. collection number HFH 20,4. 

Comments. This is a juvenile pygidium, semi¬ 
circular in outline; axis narrow and moderately 
convex; pleura indistinct. These features indicate a 
new species, but we prefer to retain it in open 
nomenclature due to lack of sufficient material. 

Stratigraphic horizon. Neoanomocarella asiatica- 
Proceratopyge (L.) orthogonialis Assemblage, 
Laochatian Formation, Upper Cambrian. 


Genus Proceratopyge Whallcrius, 1895 

Subgenus Proceratopyge (Lopnorites'i 
Troedsson, 1937 

Type species. Proceratopyge (iMpnorites) rectispinatus 
Troedsson, 1937. 

Discussion. The most important morphological 
characteristics distinguishing this subgenus from 
the other two subgcnera, Proceratopyge Wallerius 
and Lopnorites Troedsson, arc the broad and short 
cranidium with equally spaced palpebral lobes, the 
divergent anterior facial sutures forming 45° angle 
with the axial line, and the cylindrical glabella 
marked by four pairs of pronounced lateral furrows. 


Fig. 3. A-C, Niobella cf. yangjiawaiicnsis Chicn. A. NMV PI4.S67I3; (HFH 22.29-1). a pygidium, x2.5. B, 
NMV PI4567I4; (HFH 22.28-2). an external model of pygidium, x2..‘i. C, NMV P145671.5: (HFH 22.55-1), 
an incomplete pygidium. x2.4. D. G, Proceratopyge (Sinoprocreatopyge) latirhachis Zhou. D, NMV PI456723; 
(HFH 26.01-1), an incomplete cranidium, x 1.8. G, NMV PI4.56724; (HFH 26.03). a pygidium, x6.8. E. F, 
H, Pseudoyuepingia jiangangensis sp. nov. E, NMV PI456717; (HFH 22.33). Paratype. a pygidium, x6. F. NMV 
P1456780; (HFH 22.10-3); Paratype. a pygidium of the larval age. x 23. H, NMV P145678I; (HFH 22.57), a 
pygidium of the larval age, x 27. 
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a b 


Fig. 5. Pseudoyuepingia jUingkmgensis sp. nov. a, from NMV P14567I6; (HFH 22,38-1), cranidiuin, x 37. 
b, from NMV PI4567I7; (HFH 22.33), a pygidium, x 6.6. 


Proceratopyge (Lopnorites) orthogonialis 
Yang, 1978 

Figs 4D, E; 6A 

Proceratopyge (Lopnorites) orthogonialis Yang 1978: 68, 
pi. 3, figs I^; pi. 7, fig 21. 

Material. NMV PI456720, collection number HFH 25. 
02-2; NMV P1456721, collection number HFH 21.03; 
NMV P1456722, collection number HFH 21.07. 

Comments. The present specimens consist of 
some incomplete cranidia, shield and complete 
pygidia. These materials are close to the holotypc 
of F. (L) orthogonialis Yang (1978: 68, pi. 21; 
pi. 3, figs 1^) although the anterior palpebral 
lobes arc slightly shorter. 

This species differs from Lopnorites grahatii 
Troedsson (1937: 37, pi. 2, figs 7. 8; pi. 3, figs 
2, 3) and P. (S.) kiangshanensis Lu & Lin (1989: 
151, pi. 25, figs 4-10) by its fiat and straight 
glabella in the front, a wider anterior border. The 
latter two species possess a cylindrical and straight 
glabella, a fiat frontal area and bigger palpebral 
lobes. 


The species is also comparable with P. cylindrica 
Chien (1961: 107, pi. 3, figs 8-10), from which 
it may be distinguished by its acute antero-lateral 
corners of the pygidium and a narrower axis lobe. 
The pygidium of the present species is most similar 
to that of P. magnicauda Westergard (1947: 9, 
pi. 2, fig. 11; 1948: 6, pi. I, fig. 17) but the latter 
has a narrower axial lobe with more segments. 

Stratigraphic horizon. Neoattomocarella asiatica- 
Proceratopyge (L.) orthogonialis Assemblage, 
Laochatian Formation, Upper Cambrian. 

Subgenus Proceratopyge (Slnoproceratopyge) 
Lu & Lin, 1980 

Type species. Proceratopyge kiangshanensis Lu (in 
Wang 1964). 

Proceratopyge (Sinoproceratopyge) latirhachis 
Zhou, 1977 

Figs 3D, G; 6B, C 

Proceratopyge latirhachis Zhou 1977: 233, pi. 70, figs 
14-16. 


Fig. 4. A, B, Pseudoyuepingia jiangtangensis sp, nov. A, NMV P14567I6; (HFH22.38-1), Holotypc, a cranidium, 
x22.5. B, NMV pr4567l8; (HFH22.37-I), Paialypc, a pygidium, x9.9. C, Charchaq sp. Troedsson. NMV 
P1456719; (HFH 20.4), a pygidium of the larval age, x 19.8. D, E, Proceratopyge (Lopnorites) orthogonialis 
Yang. D, NMV P1456720; (HFH 25.02-2). an incomplete cranidium, x 10.8. E, NMV P1456722; (HFH 21.07), 
a pygidium, x3.2. F, Jegororaia .sp. NMV PI456730; (HFH 22.71-1), a cranidium. x 10.8. O. Eulonta (Archae- 
ulonui) taoyuanensis Peng. NMV PI456740; (HFH 79.01). a curl external model of enrolment specimen including 
a pygidium and a p.irt of thoracic segments attached, x5.4. H, Neoanomocarella asiatica Hsiang. NMV P1456735; 
(HFH 21.01), a fragmentary of pygidium, x4.5. 
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Material. NMV P1456723, collection number HFH 26. 
01-1; NMV PI456724. collection number HFH 26.03; 
NMV PI456725, collection number HFH 26.06; NMV 
PI456726, collection number HFH 26.09. 

Description. Glabella contracted slightly forward 
and rounded anteriorly; glabellar furrows very 
weak; palpebral lobes large and semicircular; 
llxigena about half as wide as glabella (Gn). Frontal 
area wide and concave; anterior border narrow and 
upturned. Pygidiuin semicircular, axis of pygidium 
wide and gently contracted backward, consisting 
of 7 segments; terminal axial segment sharp; the 
first pair of pleural furrows wide and deep, pleurae 
large, extending into a pair of spines; border wide 
and slightly concave. 

Comments. When compared with P. (S.) cliang- 
sltanensis Lu & Lin (1989; 153, pi. 26, figs 6-8), 
the present species differs by its glabella being 
contracted more strongly in the front, possessing 
a wider axis in the pygidium, narrower pleural 
lobes and longer spines. 

The present species can be distinguished from 
P. fragilis Troedsson (1937; 36, pi. 2. figs 3-6) 
by its longer pygidium (Lp2), wider axis, fewer 
segments, narrower pleurae, and concave and wider 
border. 

Stratigraphic horizon. Corynexochtis htmaensis- 
Psetidoyepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Upper Cambrian. 

Superfamily LEIOSTGIOIDEA Bradley, 1925 
Family LEIOTEGIIDAE Bradley, 1925 
Subfamily LEIOSTEGIINAE Bradley, 1925 

Genus Chuangia Walcott, 1911 
Type species. Ptyclwparial batia Walcott, 1905. 

Chuangia cf. batia Walcott, 1911 
Fig. 6D 

cf. Chuangia batia Walcott 1911: 84, pi. 15, figs 3, 3a. 


Material. NMV PI456727, collection number HFH 58.01. 

Comments. This is an incomplete cranidium. 
Glabella tapered and obtusely-rounded in the front, 
moderately convex. Glabellar furrows very weak; 
axial and occipital furrows shallow. Compared with 
the holotype, the present specimen differs slightly 
in its narrower frontal area. 

Stratigraphic horizon. Koldinioidia (Liriamnica) 
labakoiiensis-Ivshinaspis formosa Assemblage, 
Jiantang Formation, Upper Cambrian. 

Chuangia sp. indet. 

Fig. 6E 

Material. NMV PI456728, collection number HFH 22.32. 

Comments. The specimen is an incomplete 
pygidium, subtriangular-semicircular in shape. Axis 
convex, and anterior axial segments pronounced, 
consisting of three segments and a terminal 
segment. Pleural region wide and flat. Pleural 
and interpleural furrows indistinct, with a very 
narrow border. The present specimen differs from 
C. wtdingensis Yang (1978: 54, pi. 9, figs 10-12), 
in that the axis of the pygidium in the latter species 
is more convex, and its axial segments more 
pronounced. Because no cranidium was found, 
and the pygidium is poorly preserved, the species 
identity is undecided. 

Genus Chuangiella Kobayashi, 1935 
Type species. Chuangiella elangata Kobayashi, 1935. 

Chuangiella cf. elongata Kobayashi, 1935 
Fig. 7A 

cf. Chuangiella elongata Kobayashi 1935: 191, pi. 10, 
fig. 18. 

cf. Chuangiella elongata —Lu ct al. 1965: 372, pi. 69, 
fig. 9. 

cf. Chuangiellti elongata —Zhou ct al. 1977: 192, pi. 56, 
fig. 13. 

cf. Chuangiella elongata —Yang ct al. 1991: 165, pi. 20, 
figs 11-14. 


Fig. 6. A, Proceratopyge (Lopnorites) orthogonialis Yang. NMV PI456721; (HFH 21.03), an exoskelcton of 
cranidium crushed, x 6.8. B. C, P. (S.) latirhachis Zhou. B, NMV PI4.56725: (HFH 26.06), an external model 
of pygidium, x 8. C, NMV PI456726; (HFH 26.09), an incomplete pygidium, x 5.9. D, Chuangia cf. batia 
Walcott. NMV P1456727; (HFH 58.01), an incomplete cratiidium, x7.2. E, Chuangia sp. NMV PI456728; 
(HFH 22.32), a pygidium, x 10.8. F, Trigocephalus trigonformis gen. ct. sp. nov. NMV PI456732; (HFH 22. 
14-2), Paratype. a cranidium, x22.5. G, Euloina (Archaeuloma) taoyuanensis Peng. NMV PI456733; (HFH 
80.01), a complete external model of exoskeleton, x3.2. H, Onchonotellus cf. kuruktagensis Zhang. NMV 
PI456788; (HFH 22.47-1), a pygidium, x 25.2. I, ParaJainesella cf. decemospinosa Yang. NMV PI4567.57; 
(HFH 15a. II), a fragmentary of pygidium, x9.9. 
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Material. NMV PI456729, collection number HFH 22. 
04-1. 

Comments. This is an incomplete cranidium; it is 
similar to the holotype of C. elongata Kobayashi 
(1935: 191, pi. 10, fig. 18), from which it slightly 
differs in its glabella being near parallel-sided 
and flat-rounded in the front. Tlic present from is 
also comparable with Chiiaitgia Walcott (1911: 84, 
pi. 15, figs 3, 3b), but differs in having a parallel- 
sided, and strongly convex glabella, a narrow 
fixigena and indistinct eye ridges. 

Stratigraphic horizon. Corynexochus htmuensis- 
Psettdoytiepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Upper Cambrian. 

Suborder TRINUCLEINA Swinncrton, 1915 

Family HAPALOPLEURIDAE 
Harrington & Leanza, 1957 

[=JEGOROVAIIDAE Lu in Lu et al., 1965] 

Genus ,|egorovaia Lu in Wang, 1964 

Type .species. Jegortmtia cxpansa Lu in Wang, 1964. 

Diagnosis. Cranidium broad; glabella narrow, sub¬ 
pentagonal in shape, almost parallel-sided, sharp in 
the front, with 3 pairs of short and deep glabellar 
furrows. Occipital furrow deep; occipital ring 
slightly broad at middle. Border wide, extending 
out In a ridge-like line from glabella in the front 
to the border furrow, frontal border narrow, 
palpebral lobes small, located at antero-lateral 
corners of glabella. Fixigena wide, gently convex, 
its posterior width three times as wide as posterior 
portion of glabella. 

,Iegorovaia sp. indet. 

Fig. 4F 

Material. NMV PI456730, collection number HFH 22. 
71-1, poorly preserved in mudstone. 


Comments. Cranidium broad, subpentagonal. Fixi¬ 
gena broad; glabella triangular, short; glabellar 
furrows indistinct, axial furrows narrow and deep. 
It is comparable with the holotype of J. expansa 
Lu (in Wang 1964: 34, pi. 7, fig. 3), with three 
pairs of short, deep glabellar lurrows. The genus 
is similar to Rhadinopletira Harrington & Leanza 
(1957: 207, figs 112, 3a, b), but in the latter the 
palpebral lobes and eye ridges arc located at the 
midlength of the cranidium. 

Stratigraphic horizon. Coryne.xochtis htmanensis- 
Pseudoytiepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Upper Cambrian. 

Genus Trigocephalus gen. nov. 

Etymology. Latin: trigon, triangular; cephalus. head. 
Type species. Trigocephalus trigoformis gen. et. sp. nov. 

Diagnosis. Cranidium subtriangular. Glabella 
strongly convex, tapering forward, rounded in the 
front. Three pairs of glabellar furrows short and 
weak. Palpebral lobes small, far from the glabella, 
located at anterior of the glabella. Eye ridges 
horizontally extending forwards. Occipital rings 
wide, with a small spine on the surface. Preglabellar 
field flat. Anterior section of facial sutures strongly 
contracted forwards, frontal area ‘angle-shaped’, 
posterior section obliquely extending backwards. 
Fixigena wide and fiat. 

Comments. This new genus may be comparable 
with Jiangnania Lin et al. (1983: 407), but dis¬ 
tinctly differs from the latter- by its oblique eye 
ridges, special preglabellar field, anterior border 
stmeture, and laterally convex fixigena. The new 
genus can be distinguished from Atdacodignta Opik 
(1967: 373) by lacking an anterior border, pre- 
glabcllar field swelling, and larger palpebral lobes. 

Trigocephalus trigoformis sp. nov. 

Figs 6F; 7B; 8 

Etymology. Latin: trigon, triangular; forints, triangular 
shape. 


Fig. 7. A. Cliuangiella cf. elongata Kobaya.shi. NMV PI456729; (HFH 22.04-1), a crushed cranidium, x 10.8. 
B, Trigocephalus trionformis gen. et. sp. nov. NMV PI45673I; (HFH 22.06-1). Holotype. a cranidium, x 10.8. C, 
Shengia .sp. NMV P1456737; (HFH 21.18). an incomplete cranidium, x 13. D, Onchonotcllus fenguangensis 
sp. nov., NMV PI456744; (HFH 22.27), Holotype, a cranidium. x 18. E. F. Bergeronites sp. E, NMV PI456752; 
(HFH L5a.0l-1), an incomplete cranidium, x4.5. F, NMV PI456753: (HFH L5a.01-2), a fragmentary pygidium. 
X 4.5. G, H, Corynexochus hunanensis .sp. nov. G, NMV P1456760: (HFH 22.01), Holotype. a complete cranidium, 
x4().5. H, NMV PI456761; (HFH 22.21-6), Ptiratype. an incomplete cranidium, x 36. 1. Linguisaukia cf. afftnis 
Peng. NMV P1456766; (HFH 68.01-1), a cranidium, x 5. 
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Fij-. S. Trigocephalus trionformis gen. et. .sp, nov., from 
NMV P1456731; (HFH 22.06-1), a craniclium, x 12.5. 


Material. Holotypc. NMV PI456731, collection number 
HFH 22.06-1. Paratype NMV P1456732, collection 
number 22.14-2. 

Diagnosis. Cranidium triangular in outline; 
glabella strongly convex and triangular-shaped; 
greatest convexity at the posterior field. 

Description. Glabella tapering forward; glabellar 
furrows wide and shallow; preglabellar furrow very 
shallow, and slightly rounded in the front; three 
pairs of lateral glabellar furrows short, wide and 
deep; the first pair of glabellar furrows weak, the 
other two pairs pronounced. Occipital furrow wide 
and deep, and straight at the middle section, while 
obliquely extending to both sides. Occipital ring 
wide at middle, becoming narrow at both sides. 
Short and lowly ridged palpebral lobes slightly 
visible at both sides of cranidium, obliquely 
extending along line of the eye ridge; eye ridge 
narrow, low and indistinct, extending forward, 
connecting with antero-lateral comer of glabella. 
Anterior section of facial suture straight, and 
strongly contracted forward, connecting each other 
at axial line, forming an angle in the frontal area; 
posterior section extending postero-latcrally, and 
resulting in palpebral areas of fixigena and posterior 
border forming a large triangular region. Posterior 
border furrow wide and deep; posterior border wide 
and ridge-shaped; longer frontal lobe of glabella, 
about one-quarter length of cranidium (Gn), anterior 
border furrow distinct. Preglabellar field fiat; 
anterior border slightly incurved, short and hook¬ 
shaped. 

Discussion. The new species is comparable with 
Jiangnania miranda Lin & Zhou (1983; 407, pi. 3, 
fig 5), but differs from the latter by the position 
of the palpebral lobes extending direction of the 
eye ridges. Its preglabellar field and anterior border 
flat, lacking a pair convex lateral-lobes. The new 


species also differs from Araiopleura hunanensis 
Peng (1984: 382, pi. 6, figs 9, 10) in its posterior 
semicircular cranidium. glabellar expanding anter¬ 
iorly with four pairs of pit-shaped lateral glabellar 
furrows. In Araiopleura hunanensis the eye ridges 
are narrow and pronounced and extending horizon¬ 
tally to antero-laterally to the glabella. 

Stratigraphic horizon. Corynexochus hunanensis- 
Pseudoyuepingia jiantangensis Assemblage, the 
Tingziguan Formation. Upper Cambrian. 


Suborder PTYCHOPARllNA Richter, 1933 

Superfamily PTYCHOPARIOIDEA 
Matthew, 1887 

Family PTYCHOPARllDAE Matthew, 1887 
Subfamily EULOMINAE Kobayashi, 1955 

Genus Euloma Angelin, 1854 
Type species. Euloma laeve Angelin, 1854. 


Subgenus Euloma (Archaeuloma) Lee, 1978 

Type species. Euloma (Archaeuloma) guizhouensis Lee. 
1978. 

Euloma (Archaeuloma) taoyuanensis 
Peng, 1983 

Figs 4G; 6G 

Euloma (Archaeuloma) taoyuanensis Peng 1983: 50. 
pi. I, fig 5. 

Material. NMV PI456733. collection number HFH 80. 
01; NMV PI456740, collection number HFH 79.01. 

Comments. Semicircular cranidium; glabella 
strongly convex, almost parallel-sided and 
cylindrical shaped. The present specimens are 
identical to £ (A.) taoyuanensis Peng (1983; 44, 
pi. 1, fig. 5) although the cranidium of the latter 
is subtrapezoidal in outline and slightly convex. 
This species also resembles E. (A.) quizhouensis 
(Lee in Yin & Li 1978; 459. pi. 160, fig. II) in 
general features, but differs from the latter by its 
wider palpebral areas of fixigena and thinner 
palpebral lobes. 

Stratigraphic horizon. Koldinioidia (Liriamnica) 
labakotiensis-lvshinaspis formosa Assemblage, 
Jiantang Formation, Upper Cambrian. 
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Family OLENIDAE Burmeister, 1843 
Subfamily RHODONASPIDINAE Opik, 1963 

Genus Rhodonaspis Whiteliouse, 1939 
Type species. Rhodonaspis longula Whilehouse, 1939. 

Rhodonaspis cf. R. longula Whilehouse, 1939 
Figs 9E; 10 

cf. Rhodonaspis longula Whilehouse. 1939: 220, pi. 23, 
fig. 9. 

cf Rhodonaspis longula —Opik 1963: 68, pi. 6, figs 1-7; 

pi. 7, figs 1, 2; text-figs 21, 22. 
cf Rhodonaspis longula —Opik 1967: 202, pi. 51, 
fig. 10. 

Material. NMV P1456741, collection number HFH 22. 
50-2. 

Diagnosis. Miniature trilobite; pygidium small, 
semielliptical in outline; axial ring triangular and 
convex, divided into four segments and a triangular 
terminal segment. Pleural regions flat, which 
include four pairs of pleural .segments, each 
segment bearing short-spine on the end; border 
narrow. 

Comments. The specimen is close to the holo- 
lype of R. longula Whilehouse (1939: 220, pi. 23, 
fig. 9) from about two miles south of Tyson’s Bore 
on Glenormision (Rhodonaspis Stage) in Australia; 
the minor differences between them arc that the 
pygidium of the present species possesses two 
pairs of terminal spines on the ends of the pleural 
ring, extending forward and covering the posterior 
border. 

Stratigraphic horizon. Corynexochus hunanensis- 
Pseudoyuepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Upper Cambrian. 

Subfamily HUNANOLENINAE Liu, 1977 

Genus Huangshiaspis Liu, 1977 
Type .species. Huangshiaspis taoyuanensis Liu 1977. 

Huangshiaspis transversus Liu, 1977 
Fig. 9F 

Huangshiaspis transver.sus Liu 1977: 124, pi. 3, figs 1-4. 

Material. NMV P1456779, collection number HFH 22. 
38-6. 

Description. Glabella short (Gn), contracted gently 
torward, bearing three pairs of glabella furrows. 


Occipital furrow straight and deep; occipital ring 
narrow; fixigena very wide, almost occupying two- 
thirds width of the glabellar base; eye ridges 
pronounced. Palpebral lobes present at antero¬ 
lateral part of glabella, medium-sized, crescent, far 
away from the glabella. Anterior border convex 
and ridge-.shaped; border wide. 

Comments. This species is distinguishable from 
H. taoyuanensis Liu (1977; 124, pi. 3, figs 1-4) 
by its more wider cranidium, smooth glabella, 
incurved forward in the front, wider ocular ridges, 
and a wider anterior border. 

Stratigraphic horizon. Coiynexochus hunanensis- 
Pseudoyuepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Upper Cambrian. 


Superfamily ASAPHISCOIDEA Raymond. 1924 
Family ANOMOCARELLIDAE Hupe, 1953 

Genus Neoanomocarella Hsiang, 1963 

Type .species. NeoanmocareUa asialica Hsiang in 
Jegorova 1963. 


Neoanomocarella asiatica Hsiang, 1963 
Fig. 4H 

Neoanomocarella asialica Jegorova et ah, 1963: 55. 
pi. 7, figs 9-11. 

Neoanomocarella asialica —Lu ct al. 1965: 335, pi. 62, 
fig 20-22. 

Neoanomocarella asialica —Zhou el al. 1977: 183, pi. 54, 
figs 3-4. 

Neoanomocarella asialica —Yang 1978: 52, pi. 8, figs 
L5-17, 

Material. NMV PI456735, collection number HFH 21.01. 

Comments. This species is represented by a frag¬ 
ment of a pygidium. The axis of the pygidium is 
tapered. Pleural lobes arc moderately convex, and 
divided into two to three pleural ridges by different 
depth and width of the pleural furrows. Border 
furrow is very shallow, wide, and concave. This 
species is similar to N. hunanensis Yang (1978: 
52, pi. 8, fig. 18), from which it many be dis¬ 
tinguished by its posterior-middle area of the ridge 
forming a shallow furrow between the ridge and 
glabella anterior border. 

Stratigraphic horizon. Neoanomocarella-Procera- 
topyge (L.) orthogonialis Assemblage, Laochalian 
Formation, Upper Cambrian. 
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Fig. 10. Rhodonaspis cf. R. longula, from NMV 
PI45674I; (HFH 22.50-2), a pygidium, x42. 


Superfamily SOLENOPLEUROIDEA 
Angelin, 1854 

Family LISANIIDAE Chang, 1963 

Genus Eoshengia Yang, 1978 
Type specie.’:. Eoshengia subqimdrata Yang, 1978. 

Eoshengia cf. spinosa Yang, 1978 
Fig. 9A-D 

cf. Eoshengia spinosa Yang, 1978: 50, pi. 8, figs 6-8. 

Material. NMV P1456736, collection number HFH 15a. 
17. 

Diagnosis. Cranidium rectangular in outline; 
glabella gently flat at the anterior; antero-iateral 
corner of glabella rounded and strongly convex; 
glabellar furrows weak. Axial furrows deep 
and wide. Occipital ring expanding at its middle, 
forming a spine and a small node on the top. 
Anterior area Hat and wide, rapidly becoming 
narrow at both sides. Border furrow narrow and 
deep, divided into three sections with many small 
nodes on the surface. 

Discussion. This specimen is similar to the holo- 
type of E. spinosa Yang (1978: 50, pi. 8, figs 
6-8). A minor difference we can observe is that 
the anterior border of Yang’s species is slightly 
higher than the other part of the frontal area, which 


is separated by its shallow furrow. The present 
specimen morphologically bears resemblance with 
E. suhquadrala Yang (1978: 49, pi. 8, figs I, 2) 
in general features, but they differ in that our 
specimen has a strongly convex glabella with an 
occipital spine, its occipital furrow connects with 
axial furrow, and its anterior border furrow is 
divided into three sections. 

Stratigraphic horizon. Jiangnaia fuyangensis- 
Fenghtiangella laochatianensis Assemblage, Feng- 
muping Formation, Middle Cambrian. 

Genus Sheiigia Hsiang, 1963 

Type species. Shengia quadrata Hsiang in Jegorova 
et al., 1963. 

Shengia sp. indet. 

Fig. 7C 

Material. NMV PI456737, collection number HFH 21.18. 

Description. Glabella cylindrical in outline, strong¬ 
ly convex, and round in the front. Three pairs of 
glabellar furrows present, weak and unconnected 
with axial furrows, the last pair diverging. Axial 
furrows wide and deep; occipital furrow shallower 
than axial furrows; occipital ring subtriangular, 
strongly expanding in middle. Frontal area narrow: 
preglabellar field wider than anterior border, and 
posterior part gently upturned; palpebral lobe 
medium sized. Eye ridges pronounced, obliquely 
extending; palpebral areas of fixigena rather narrow, 
about one-quarter width of glabella; anterior 
sections of facial sutures slightly diverging. 

Discussion. These morphological features arc 
different from those of any other members of the 
genus, but poor pre.scrvation and lack of sufficient 
material hinder us from proposing a new species 
name. 

Stratigraphic horizon. Neoanotnocarella asiatica- 
Proceratopyge (L.) orthogonialis Assemblage, 
Laochatian Formation, Upper Cambrian. 


Fig. 9. A-D, Eoshengia cf. spino.sa Yang. A, NMV P1456736; (HFH 15a. 17), an incomplete cranidium, x2.9. 
B, anterior lateral views of cranidium. x 3.2. C, anterior views of cranidium, x4.1. D, dorsal and oblique 
posterior views of cranidium, X 2.8. E, Rhodonaspis cf. R. longula Whitehouse. NMV P145674I; (HFH 22.50-2), 
an external model of pygidium with 4 thoracic segments attached, x 22.5. F, Huangshiaspis transverstts Liu. 
NMV P1456779; (HFH 22.38-6), an incomplete cranidium. x22.5. G. Koldinioidia (Uriamnica) lahakouensis 
sp. nov., NMV P1456742: (HFH 68.02), Holotyiw, a cranidium. x 10.8. H, I, Onchonotellus cf. ktiruktageiuis 
Zhang. H, NMV PI456749; (HFH 22.41). a pygidium. x 13,5. I, NMV PI456739; (HFH 22.44). a pygidium, 
x25.2. 
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Family DICERATOCEPHALIDAE Lu, 1954 

Genus Fenghuansella Yang, 1978 
Type species. Fenghuan^ella laochatUmensis Yang, 1978. 


Fenghuangella laochatianensis Yang 1978 
Fig. I3C 

Fenghuangella lachatianensis Yang, 1978: 44, pi. 7, figs 
12-13. 

Material. NMV P1456738, collection number HFH 
15a. 10. 

Diagnosis. Cranitlium scmicircular-sublriangular in 
outline; glabella subtriangular and conical in shape, 
with 1 to 2 pairs of weak glabellar furrows. 
Occipital ring expanding backward and forming a 
short spine; palpebral lobes small and prc.sent at 
the front of glabella; eye ridge very weak; fixigena 
wide. 

Comments. This is a miniature trilobite; it agrees 
well with the holotype of F. laochaiianensis Yang 
(1978: 44, pi. 7, figs 12, 13) from the Middle 
Cambrian of Hunan except that our specimen has 
a slightly wider frontal area. 

Stratigraphic horizon. Jiangnaia fuyangensis— 
Fenghuangella laochatianensis Assemblage, Feng- 
muping Formation, Middle Cambrian. 

Family SHUMARDIIDAE Lake, 1907 

Genus Koldinioidia Kobayashi, 1931 
Type species. Koldinioidia typicalis Kobayashi 1931. 

Subgenus Koldinioidia (Liriamnica) 
Sherglod, 1980 

Type species. Liriamnica antyx Sherglod 1980. 


Koldinioidia (Liriamnica) labakouensis sp. nov. 
Figs 9G; II 

Etymology. From the Labakou village, near the study 
area. 

Material. Holotype. NMV PI456742. collection number 
HFH 68.02-1; other specimens consists of three cranidia, 
collection numbers are HFH 68.03, 86.04 and 68.07-5. 

Diagnosis. Cranidium semi-circular; glabella rect¬ 
angular; fixigena broad; gcnal angle acute, sharp; 
lacking anterior border; palpebral lobes and eye 
ridges indistinct; posterolateral limbs broad; 
occipital ring curve back-word in middle. 



Fig. 11. Koldiniodia (Liriamnica) labakouensis sp. nov., 
from NMV P1456742; (HFH 68.02), a cranidium, x 15. 


Description. Cranidium laterally broad; glabella 
wide (Wa), about half length of the posterior 
of the cranidium, short, and parallel-sided, with 
rounded antero-lateral comers; glabellar furrows 
indistinct. Occipital furrow shallow; palpebral lobes 
indi.stinct; fixigena convex, as wide as the glabella 
(Wa), posterior border furrow wide and deep; 
obtuse-angle shaped and extending backward. 
Frontal area narrow and about one-quarter length 
of cranidium (Lc); anterior border very narrow; 
axial furrows narrow and shallow. 

Comparisons and discussion. This species is dis¬ 
tinguished from K. (L) antyx Shergold (1980; 65, 
pi. 18, figs 6-12), by its shorter and wider 
eranidium, parallel-sided and rounded glabella in 
the front, lacking any furrow traces on the glabella. 
In addition, the axial and occipital furrows of the 
present species are narrow and deep, its posterior 
border furrow is wide and deep. The new species 
is similar to K. paiensis Lu et al. (1965; 156, 
pi. 25, fig. 15) and K. yenchouensis Lu ct al. 
(1965: 156, pi. 25, fig. 16), from both it differs 
by its conical glabellar. The new species is com¬ 
parable with K. typicalis Kobayashi (1931: 187, 
pi. 22, figs 8, 9b), but the latter possesses a pair 
of genal spine, narrower fixigena. and a pair of 
shallow pits on the glabella. 

The new species was established by some special 
characters: I, shape of cranidium; 2, glabellar shape 
and length; and 3, different glabella frontal area. 
These diagnosis can distinguish from other species 
of the genus. Generally, Koldinidia belong to small- 
size trilobites, actually this genus has affinity and 
Shumardia and Idiomesus, but Shumardia has an 
obvious axial furrow in the frontal glabella; with 
a pair of eye-like lobes; while Idiomesus has an 
egg or elliptical .shape glabella, and differ from 
Koldinioidia. 



MIDDLE AND UPPER CAMBRIAN POLYMERID TRILOBITES 


159 


Stratigraphic horizon. Koldinioidia (Liriamnica) 
labakouensis-lvshinaspis formosa Assemblage, 
Jiantang Formation, Upper Cambrian. 

Superlamily AULACODIGMATOIDEA 
Opik, 1967 

Family AULACODIGMATIDAE Opik, 1967 

Genus Jiangnania Lin et Zhou, 1983 
Type species. Jiangnania miranda Lin & Zhou 1983, 

Jiangnania fuyangensis Lu ct Lin 1989 
Fig. 13A 

Jiangnania fuyangensis Lu et al., 1989: 141, pi. 22, fig. 9. 

Material. NMV PI456743, collection number HFH 15a. 
1-9. 

Description. Miniature trilobite; cranidium .semi¬ 
circular; glabella narrow and convex. Eye ridges 
long, narrow, convex, extending to antero-lateral 
corners of the glabella. Palpebral lobes small and 
convex, present at antero-lateral part of cranidium. 
Fixigena very wide, about double the width of 
glabella. Border wide and slightly concave; anterior 
border convex; border furrow wide and shallow. 

Comments. The species is distinguished from 
J. miranda Lin et al. (1983; 407, pi. 3, llg. 5) by 
its ball-shaped outline and a convex anterior border 
in the anterior-middle part. 

Stratigraphic horizon. Jiangnania fuyangensis- 
Fenghuangella laochatianensis Assemblage, Feng- 
muping Formation, Middle Cambrian. 

Superfamily CATILLICEPHALOIDEA 
Raymond, 1938 

Family CATILLICEPHALIDAE Raymond, 1938 

Genus Onehonotellus Lermontova, 1956 
Type species. Sotenopleura suhcincta Lermontova, 1951. 

Onehonotellus fenghuangensis sp. nov. 

Figs 7D; I2B; I3D; 14 

Etymology. Named after the Fenghuang County. 

Holotype. NMV P1456744, collection number HFH 22.27. 

Paratype. NMV PI456745, collection number HFH 22. 
65-2; NMV PI456746, collection number 22.65-1. 


Diagnosis. Miniature trilobite; glabella strongly 
convex, bearing a pair of shallow pits at antero¬ 
lateral corners of glabella. Fixigena triangular, with 
many small nodes on the surface. 

Description. Cranidium subtrapezoidal in outline; 
glabella almost parallel-sided, slightly converging 
forwards, acute-shaped in the front, and strongly 
convex. Glabellar furrows indistinct; occipital ring 
convex, its distal sides becoming pronouncedly 
narrow; axial furrows narrow and deep. Eye 
ridges low and flat, extending to antero-lateral 
sides of cranidium; palpebral lobes small and 
convex, crescent. Fixigena narrow and convex, 
slightly narrower than glabella. Preglabellar field 
moderately wide and concave; border furrow 
straight, narrow and shallow; posterior border 
furrow wide and deep; posterior border narrow, 
nearly equal to glabellar width. Pygidium small 
and semielliptical in outline; axis of pygidium 
convex, with three segments and a terminal 
segment, about one-third width of pygidium. 

Discussion. This new species resembles O. longi- 
cepta Zhou (1977; 162, pi. 49, figs 7, 8), from 
the Upper Cambrian Tingziguan Formation, Hunan 
Province, China, but the latter lacks the preglabellar 
field, and its glabella is rounded in the front. The 
new species is distinguishable from O. ahnonnis 
Iv.shin (1956; 28, pi. 9, figs 9-16) from the middle 
Upper Cambrian of the Sclety River Basin, central 
Kazakhstan. The latter species differs by its 
elliptical glabella and a narrow preglabellar field. 

Stratigraphic horizon. Corynexochus hunanensis- 
Pseudoyuepingia jiantangensis Assemblage. Ting¬ 
ziguan Formation, Upper Cambrian. 

Onehonotellus cf. kuruktagensis Zhang, 1981 

Figs 6H; 9H, 1; 12C-E; 13E 

cf. Onchonotina kuruktagensis Zhang 1981: 169, pi. 63, 
figs 2-4. 

cf. Onchonotina kuruktagensis —Xiang & Zhang 1985: 
117. pi. 39, figs 2-4. 

cf. Onehonotellus kuruklagen.sis —Peng 1992: 65, figs 37, 
39D-1. 

Material. NMV P1456747, collection number HFH 
22.19-2; NMV PI456748. collection number HFH 22.03; 


NMV PI456749, collection 

numlrcr 

22.41; 

NMV 

PI 456750, 

collection 

number 

HFH 

22.06-2; 

NMV 

PI 4.56739; 

collection 

number 

HFH 

22.44; 

NMV 

PI456734, 

collection 

number 

HFH 

22.31, 

NMV 


PI456788, collection number HFH 22.47-1. 


160 


Y. DUAN, J. L. YANG AND G. R. SHI 







MIDDLE AND UPPER CAMBRIAN POLYMERID TRILOBITES 


I6I 


Diagnosis. Cranidium trapezoidal in outline; 
glabella subsquarc, strongly convex, square-rounded 
in the front, bearing three pairs of weak glabellar 
furrows, obliquely extending backwards. Frontal 
area gently convex; preglabellar field slightly con¬ 
ceived. Anterior border gently convex, its middle 
part wider than the distal part; border furrow 
straight and deep. Palpebral lobes smtill. Eye ridges 
very weak; occipital ring narrow at the distal; 
occipital furrow moderately wide and deep. 
Fixigena gently convex, narrow; posterior border 
furrows wide and shallow, posterior upturned. Axial 
furrow narrow and deep. Pygidium subtriangular 
in outline, axis strongly convex, extending to 
border, about one-third as wide as pygidium, with 
four segments and a terminal segment. Pleural 
region narrow and convex; pleural furrows 
indistinct; interpleural furrows wide and shallow; 
border bearing many small nodes on the surface. 

Comments. This species is close to O. ktmtkta- 
gensis Zhang (1981: 169, pi. 63, figs 2-4), from 
the Torsuqtugh Formation of Quruq-Tagh, Xinjiang, 
China. The minor difference is that the former has 
a wider frontal area and a pair of weaker eye 
ridges. The present species is distinguished from 
O. fenghuangensis sp. nov. by its egg-shaped 
glabella and much wider anterior glabella. This 
species differs from O. vigilans Lu in Wang (1964: 
34, pi. 7. fig. 9) by its smaller preglabellar field, 
forming a concave region at the axial line, lacking 
glabellar furrows and eye ridge traces. 

Stratigraphic horizon. Corynexochus himanensis- 
Pseudoyuepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Upper Cambrian. 

Genus Distazeris Raymond, 1937 
Type species. Distazeris acuta Raymond, 1937. 

Distazeris cf. hunanensis Peng, 1987 
Fig. 12F 

Distazeris hunanensis Peng 1987: 93, pi. 6, figs 7-9. 


Material. NMV P14.S6751; collection number HFH 
15a. 19. 

Description. Cranidium semicircular and laterally 
broad; glabella convex, slightly expanding forwards, 
rounded in the front, bearing 3 pairs of glabellar 
furrows, the last two pairs pronounced. Axial 
furrows narrow and deep; frontal area poorly 
preserved; fixigena convex, about two-thirds of 
glabellar width; occipital ring incomplete. 

Comments. D. dongtingensis Peng (1987: 94, 
pi. 4, fig. 6) is somewhat similar to the present 
species in many aspects, but differs from the latter 
by its more strongly expanded glabella, with net- 
shaped fold on the fixigena, and smaller concave 
pitting on the glabella. 

Present species is comparable with D. (Para- 
distazeris) sichuanensis Zhu in Zhang (1980: 380, 
pi. 132, figs 13-15), but the latter bears 4 pairs 
of glabellar furrows, the last 2 pairs being groove- 
shaped and deep. 

Stratigraphic horizon. Jiangnania fuyangensis- 
Fenghuangella laochtianensis Assemblage, Feng- 
muping Formation, Middle Cambrian. 


Superfamily DAMESELLOIDEA 
Kobayashi. 1935 

Family DAMESELLIDAE Kobayashi, 1935 
Subfamily DREPANURINAE Hupe, 1953 

Genus Bergeronites Sun, 1965 
[= Palaeadotes Opik, 1967] 

Type species. Drepanura ketteleri Mbnke, 1903. 

Bergeronites sp. indet. 

Fig. 7E, F 

Material. NMV P1456752: collection number HFH 
I5a.01-1, NMV P1456753: colleetion number HFH 
I.5a.01-2. 


Pig. 12. A, Corynexochus plumula Whitchouse. NMV P1456758; (HFH 22.48-3), an incomplete cranidium, 
x22,5. B, Onchonotellus fenghuangensis sp. nov., NMV P1456746: (HFH 22.65-1), an incomplete pygidium, 
xll.7. C-E, O. cf. kuruktagen.sis Zhang. C. NMV P1456750: (HFH 22.06-2). an incomplete external model 
of pygidium. xiO.8. D. NMV P14.567.34: (HFH 22.31). a pygidium, x 27. E, NMV P14.56747: (HFH 22.19-2), 
a cranidium. x 16.2. F, Distazeris cf. hunanen.sis Peng, 1987. NMV P1456751: (HFH 15a.l9), an incomplete 
cranidium, x22.5. G, H, Schmaiensecia sinensis Yang. G, NMV P1456754; (HFH 1.5a.21-2), a complete 
shield, x 9. H, NMV P1456755: (HFH I5a.22-1), a complete shield, x 9.9. 1, Paradameselhi cf. typica Yang. 
NMV P1456756; (HFH 15a. 14). a fragmenlaty pygidium, x4.1. J, Tuojiangella tiiojiangensis gen. ct. sp. nov. 
NMV P1456762; (HFH 22,07-1), Holotypc, a complete cranidium, x 16.2. 
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Fig. 14. Onchonotellus fenghuangensis sp, nov., from 
NMV PI456744; (HFH 22.27) a cranidium, x 22. 


Description. Glabella trapezoid shape, distinctly 
expanded in base, and strongly convex; bearing 
four pairs of glabellar furrows; the first pair 
obliquely extending forward; the second pair 
extending horizontally, narrow at near the axial 
furrows and expanding near the axial-line; the third 
pair unconnected with axial furrows; and the last 
pair fork-shaped. Occipital ring expanding forward 
at the middle part; occipital furrow deep and wide 
at both sides, bearing a node on the top. Eye 
ridges poorly preserved. Fixigena very wide, about 
half width of glabella (Wa), bearing many nodes 
on the surface. Pygidium bearing a pair of anterior 
pleural spines and three pairs of lateral spines; 
pleural furrows wide and shallow. 

Comments. This specimen is similar to li. austri- 
acus Yang (1978: 62, pi. II, figs 1-4) from the 
top of Middle Cambrian, west Hunan, China; but 
the glabellar furrows of the latter species are deeper 
than in the present specimens, and their pygidium 
pleural furrows are deep and concave. Therefore, 
the present specimens probably represent a new 
species of the genus. 

Stratigraphic horizon. Jiangnaia fuyangensis- 
Fenglmangensis laochaliaensis Assemblage, Feng- 
muping Formation, Middle Cambrian. 


Genus Schmalenseeia Moberg, 1903 
Schmalenseeia sinensis Yang, 1978 
Fig. 12G, H 

Schmalenseeia sinensis Yang, 1978: 63, pi. 13, fig. 10. 

Material. NMV P1456754, collection number HFH 
l5a.2l-2; NMV PI456755, collection number I5a.22-1. 

Description. Shield oval-shaped; cranidium semi¬ 
circular in outline; glabella sharp and conical 
shaped, bearing three pairs of transversal glabellar 
furrows, wide and deep at both sides and narrow 
and shallow at middle. Axial furrows .shallow. 
Palpebral lobes long and incurved. 

Comments. This species is distinguished from 
S. gostinensis Jago (1972; 232, pi. 44, figs 19-22) 
by its narrower posterior limb and shallower 
posterior border furrow. 

Stratigraphic horizon. Jiangnaia fuyangensis- 
Fenghuangella laochatianensis Assemblage, Feng- 
muping Formation, Middle Cambrian. 

Family DAMESELLIDAE Kobayashi 1935 

Genus Paradamesella Yang, 1978 
Type species. Paradamesella lypica Yang, 1978. 

Paradamesella cf. typica Yang, 1978 
Fig. 121 

cf. Paradamesella typica Yang 1978: 56, pi. 12, figs 1-8. 

Material. NMV PI456756, collection number HFH 
15a. 14. 

Comments. This is a fragment of a pygidium 
lacking axis of the pygidium. The ant6rior pleural 
spines are strong. The pygidium is characteri.sed 
by thin and long .spines, many small nodes are 
present on the surface as well. This specimen is 
close to P. typica Yang (1978: 56, pi. 12, figs 1-8) 
though bearing slightly lonpr pygidium spines. 
This specimen is somewhat similar to P. paratypica 
Yang (1978: 56, pi. 12, fig. 9) as well, but the 
latter possesses a flat posterior border on the 
pygidium. 


Fig. 13. A. Jiangnania fuyangensis Lu et Lin. NMV P1456743; (HFH l5a.01-9). an incomplete cranidium, x20.7. 
B, Linguisaukia cf. affinis Peng. NMV P1456767; (HFH 68.01-2), an external model of cranidium, x5. C, 
Fenghuangella laochatianensis Yang. NMV PI456738; (HFH 15a. 10), a cranidium, x40.5. D, Onchonotellus 
fenghuangensis sp. nov., NMV PI456745; (HFH 22.65-2), Paralype, an incomplete cranidium, x 12.6. E, O. cf. 
kuruktagen.sis Zhang. NMV P1456748; (HFH 22.03), a complete cranidium, x 10.8. F, Corynexochus plumula 
Whitchou.se. NMV PI456759; (HFH 22.51), a fnigmentary cranidium, x 13.5. G, H, Ivshinaspis formosa sp. nov. 
G, NMV P1456764; (HFH 68.13), Holotype, a cranidium, x8.L H, NMV P1456765: (HFH 68.14), Paratype, 
an incomplete cranidium, x 9. 
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Paradamesella cf. decemospinosa Yang, 1978 
Fig. 61 

ef. Punmdamesella decemospinosa Yang 1978: 57, 
pi. 12, fig. II. 

Material. NMV P1456757, collection number HFH 
1.5a.ll. 

Comments. The present specimen is an incomplete 
pygidium with a flat border and bearing some 
strong spines; the first pair of pygidium furrows 
are the largest among the three pairs. Pleural 
regions arc slightly convex; .some small nodes are 
irregularly distributed on the surface. This specimen 
is similar to P. decemospinosa Yang (1978; 57, 
pi. 12. fig. II) in many aspects, but slightly 
differs from the latter by its deeper anterior border 
furrow on the pygidium. The species differs from 
P. novemospinosa Yang (1978: 57, pi. 12, fig. 10) 
in having much more pygidium spines. 

Stratigraphic horizon. Jiangnania fuyangensis- 
Fenghiiangella laochatianensis Assemblage, Feng- 
muping Formation, Middle Cambrian. 


Family CORYNEXOCHlDAE Angelin, 1845 


Genus Corynexochus Angelin, 1854 

Type species. Corynexochus spinulosus Angelin, 1854. 

Corynexochus plumula Whitehouse, 1939 
Figs I2A; I3F 

Corynexochus plumula Whitehouse 1939: 234, pi, 24, 
figs 8-10. 

Corynexochus plumula—Op'tk 1967: 178, pi, 3, figs 1-11. 

Corynexochus plumula—Palma 1968: 42, pi, 10 figs 15 
16, 19-22. 

Corynexochus plumula —Zhou et al. 1977: 136, pi. 43, 
figs 10-12. 

Corynexochus plumula —Shergold 1982: 47, pi, 14, figs 
1-7. 

Corynexochus plumula—Lm 1982: 304, pi, 214. fig. 13 . 

Coryne.xochus plumula—Qm ct al. 1983: 63 pi 20 
fig. 13. 

Coryne.xochus plumula—Wang & Zhang 1985- 100 
pi. 27. figs 2-7. 

Corynexochus plumula—Lisogor et al. 1988: 68 pi 7 
fig. 7. 

Corynexochus plumula—Peng 1992: 34, figs 16B-I, P. 

Material. NMV PI456758, collection number HFH 

22.48-3: NMV PI456759, collection number HFH 22.51. 



Fig. 15. Corynexochus hunanensis sp. nov., from 
NMV PI4.56760; (HFH 22.01), a cranidium, x.50. 


Description. Glabella strongly expanding forwards, 
nearly flat and straight in the front, bearing three 
pairs of glabellar furrows, the last pair short and 
diverging obliquely forwards; axial and occipital 
furrows deep; palpebral lobes at anterior of the 
glabella medium-sized; posterior border wide. 

Comments. The species comparable with C. chinses 
Lin & Zhang (in Zhu et al. 1979: 88, pi. 37, 
fig. 5) in general outline, but the latter possesses 
more straight axial furrows, longer glabella, shorter 
anterior border, longer palpebral lobes and narrower 
fixigena. 

Stratigraphic horizon. Corynexochus htinanensis- 
Psetuloyttepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Middle Cambrian. 

Corynexochus hunanensis sp. nov. 

Figs 7G, H; 15 

Etymology. For Hunan Province. China. 

Holotvpe. NMV PI456760, collection number HFH 

22 . 01 , 

Paratype. NMV PI456761, collection number HFH 

22 . 21 - 6 . 

Diagno.sis. Miniature irilobitc. Glabella narrow and 
moderately convex, strongly expanding in the front, 
and nearly parallel-sided in the posterior; lacking 
frontal area. Axial furrows narrow and deep; 
glabella narrow, convex and ridge-shaped along 
axial line. 
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Description. Cranidium circular-triangle in outline; 
glabella long and convex. Three pairs of glabellar 
furrows distinct; the posterior two pairs wide and 
shallow; the frontal pair of glabellar furrows short. 
Axial furrows wide and deep, bearing a pair of 
deep and concave small pit at posterior of glabella. 
Occipital furrow shallow and distinct; occipital 
ring strongly expanding at middle-posterior part, 
becoming narrow at distal. Palpebral lobes narrow 
and short, slightly extending outward. Anterior 
section of facial sutures short, and contracting 
forward, then turning inwards, cutting at the antero¬ 
lateral comer of glabella. Posterior section of facial 
suture long and extending to the postero-lateral 
side. Fixigena narrow. 

Discussion. This new species is similar to 
C. elongatus Yang (1991; 125, pi. 9, figs 6-8) in 
some morphological features, but the latter has less 
expanded glabella and its occipital ring is longer 
than that of the new species. 

Stratigraphic horizon. Coryne.xochiis hunaensis- 
Pseudoyuepingia jiantangensis Assemblage, Ting- 
ziguang Formation, Upper Cambrian. 


Superfamily ORYCTOCEPHALOIDEA 
Beecher, 1897 

Family CHEIRUROIDEIDAE Chang, 1963 
Genus Tuojiungella nov. 

Etymology. For the Tuojiang village, a small village near 
the type locality. 

Type species. Tuojiangella tuojiangensis gen. et. sp. nov. 

Diagnosis. Cranidium trapezoidal in outline, flat; 
glabella cylindrical and flat in the front, bearing 
three pairs of wide and shallow iransglabellar 
furrows. Preglabellar field and frontal border 
narrow; palpebral lobes sm.ill. Anterior section of 
suture slightly contracted forward, posterior section 
curved and diverging out-laterally. 

Comments. The new genus is comparable with 
Cheiruroides (Neocheiritroides) Yin (1978: 433) in 
having a narrow preglabellar field, but the former 
has weak transglabellar furrows and pronounced 
eye lobes. 

Tuojiangella tuojiangensis sp. nov. 

Figs 12J; I6A; 17 

Etymology. For the Tuojiang River, which passes through 
the study area. 


Holotype. NMV PI456762, collection number HFH 
22.07-1. 

Piiratype. NMV P1456763, collection number HFH 
22,69-5. 

Description. Miniature trilobite. Cranidium trapez¬ 
oidal in outline, flat and straight in the front; 
glabella moderately convex, cylindrical, and 
rounded in front, bearing three pairs of trans¬ 
glabellar furrows; the first pairs flat and straight, 
slightly bent backwards at the middle; the last two 
pairs wide and shallow in the middle. Occipital 
furrow wider and deeper than glabellar furrows. 
Occipital ring wide at the middle, both sides be¬ 
coming narrow, and obliquely extending forwards. 
Frontal area narrow, about one-tenth as long 
as cranidium (Lc). Preglabellar field as wide as 
anterior border, lacking eye ridge; palpebral areas 
of fixigena width arc slightly less than the glabella 
(Wa). Anterior section of facial suture pronouncedly 
contracted forwards and then roundly turning 
inward, obliquely cutting anterior border; posterior 
section of facial suture long, curved, extending 
backwards and forming wide postero-lateral limbs. 
Posterior border furrows wide and deep; posterior 
border ridge-shaped, becoming wide from inside 
to outside. 

Discussion. The new species is comparable with 
Cheiruroides (Neocheiritroides) rcticus Tcherny- 
sheva (1961: 48, pi. 6, figs 1-8), but differs from 
the latter by its shorter and more strongly convex 
posterior part of glabella and narrower frontal 
border. Occipital furrow of this new species is 
narrower than that of the latter. 

Stratigraphic horizon. Corynexochus hunanensis- 
Pscudoyuepingia jiantangensis Assemblage, Ting- 
ziguang Formation, Upper Cambrian. 


Superfamily REMOPLEURIDOIDEA 
Hawlc & Corde, 1874 

Family REMOPLEURIDIDAE 
Hawlc & Corde, 1874 

Subfamily RICHARDSONELLINAE 
Raymond, 1924 

Genus Ivshinuspis Petrunina, 1973 
Type species. Ivshinuspis ivslnni Ergaliev. 1980. 

Ivshinuspis Formosa sp. nov. 

Figs I3G, H; 18 

Etymology. Latin: formosus, meaning beautiful. 
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Fig. 17. Tuojiangella luojiangeims gen. el. sp. nov., 
from NMV P1456762; (HFH 22.071), a cranidium, x 27. 



Fig. 18. h'shinaspis formosus sp. nov., from NMV 
P1456764; (HFH 68.13), a cranidium, x 8.4. 


Holotype. NMV PI456764, collection number HFH 

68.13. 

Paratype. NMV PI456765, collection number HFH 

68.14. 

Diagnosis. Glabella rectangular and slightly 
rounded in the front, long and convex, bearing 
three pairs of glabellar furrows. Anterior border 
wide; border furrow wide and shallow. Posterior 
border narrow. 

Description. Cranidium long (Lc), length and 
width ratio at the anterior part close to 3:2. 
Glabella parallel-sided, cylindrical-shaped, mod¬ 
erately convex, and slightly rounded in the front. 
Three pairs of glabellar furrows distinct; the 
anterior two pairs shallow and short, slightly 
obliquely diverging; the last pair wide, deep, 
obliquely diverging and becoming strong back¬ 
wards. Occipital ring moderately wide; occipital 
furrow straight, and shallow. Palpebral lobes 
medium-sized, crescent, located posterior of the 
middle line of glabella. Fixigena gently convex and 
less than half as wide as glabella (Wa). Preglabellar 
field wide and slightly convex. Border furrow wide 
and shallow; anterior border moderately long at its 
middle part and slightly narrow at its end. Anterior 


section of facial suture slightly diverging forwards, 
forming an angle about 30° with the axial line, 
then incurving inwards and extending to the anterior 
border; posterior section slightly extending laterally 
and forming 35° with the posterior border; posterior 
border furrows wide and shallow. 

Discussion. This species differs slightly from 
/. crispa Pelrunina (1973: 63, pi. 2, figs 7, 8, 10, 
16) by its parallel-sided glabella, slightly diverging 
anterior section of the facial sutures and the gently 
convex frontal border. The present species is 
comparable with /. quadrata Peng (1984; 355, 
pi. 10, figs 14, 15), but differs from the latter by 
the shorter posterior glabellar, narrower anterior 
border, and narrower and deeper border furrows. 

Stratigraphic horizon. Koldinioidia (Lirianmica) 
lahakouensis-hshinaspis fonnosa Assemblage, 
Jiantang Formation, Upper Cambrian. 

Family SAUKllDAE Uirieh & Resser, 1933 

Genus Linguisaukia Peng, 1984 
Type species. Linguisaukia spinala Peng, 1983. 


Fig. 16. A, Tuojiangella tuojiangensis gen. et. sp. nov. NMV P1456763; (HFH 22.69-5), Paratype. a 
cranidium, x 36. B, C, Linguisaukia cf. affinis Peng. B, NMV PI456768; (HFH 68.05), an incomplete 
pygidium, x 13.5. C, NMV P1456769; (HFH 22.08), an incomplete pygidium, x 22.5. D, Saukia sp. NMV 
PI45677I; (HFH 69.17-1), an incomplete cranidium, x 13.5. E-K. Gen. et. sp. indet. E, Gen. et. sp. indet. 
No. 1, NMV P1456772; (HFH 22.15-2), a fragmentary pygidium, x 14,4. F, G, Gen. et. sp. No. 2. F, NMV 
PI456773; (HFH 68.15), a fragmentary cranidium, x2.3. G, NMV P1456774; (HFH 68.16), a fragmentary 
cranidium, x2.5. H, I, Gen. et. sp. indet. No. 3. H. NMV PI456775; (HFH 68.17), a pygidium. x 22.5. 
I. NMV P1456776; (HFH 68.18). a pygidium, x 16.2. J, Gen. et. sp. indet. No. 4, NMV P1456777; (HFH 48.0), 
an incomplete cranidium with a party of thoracic segments, x 13.5. K. Gen. et. sp. indet. No. 5, NMV PI456778; 
(HFH 80.3-3), a pygidium, x 16.2. 
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Fig. 19. Linguisaukia cf. affinis, from NMV P1456768; 
(HFH 68.05), a pygidium, x 11. 

Linguisaukia cf. affinis Peng 1984 

Figs 71; 91; 13B; 16B, C; 19 

cf. Linguisaukia affinis Peng 1984: 348, pi. 7, figs 3-7. 

Material. NMV P1456766, collection number HFH 68. 
01-1; NMV P1456767. collection number HFH 68.01-2; 
NMV PI456768. collection number HFH 68.05; NMV 
P1456769. collection number HFH 22.08; NMV 
PI456770, eollection number HFH 22.48-1. 

Description. Cranidium rectangular in outline; 
glabella subrectangular, parallel-sided, evenly 
rounded anteriorly, straight on flanks, denned by 
deep, broad axial and prcglabellar furrows; two 
pairs of lateral glabellar furrows distinct. Occipital 
furrow deep and wide. Frontal glabellar lobe 
large, occupying one-third of the glabellar length; 
occipital ring wide, about one-fifth as wide as 
glabella (Wa), bearing a long and stout spine at 
its middle. Anterior section of facial suture almost 
straight, originating from the anterior end of the 
palpebral lobe, and extending to the anterior 
cranidial margin by approximately 90°; posterior 
sections diverging transversely from the posterior 
of the palpebral lobes, then incurved backwards 
evenly to contact the posterior cranidial margin, 
and enclosing the transverse blade-shaped postero¬ 
lateral limbs. A row of tiny spines developed along 
posterior margin. Pygidium round-.square in outline; 
axial ring moderately convex and conical shape 
with three to four segments and a terminal axial 
segment. Pleural region flat. 

Comments. The specimen is close to L. affinis 
Peng (1984; 348, pi. 7, figs 3-7) in many aspects, 
but slightly differs from the latter by its posterior 
glabella being gently contracted forwards and 


rounded in the front. This species is distinguishable 
from the type species of genus, L spinata Peng 
(1984: 347, pi. 6, figs 4-8), by its smaller anterior 
glabella. 

Stratigraphic horizon. Corynexochiis hunanensis- 
Psetuloyuepingia jiantangensis Assemblage, Ting- 
ziguang Formation, Upper Cambrian. 

Genus Saukia Walcott, 1914 
Type species. Dikelocephalus todensis Whitfield, 1880. 

Saukia sp. indet. 

Fig. I6D 

Material. NMV PI456771, collection number HFH 69. 
17-1. 

Comments. This is an incomplete cranidium, 
characterised by its parallel-sided and moderately 
convex glabella; glabellar furrows with many thick 
nodes on the surface. These morphological features 
indicate that this specimen probably belongs to a 
new species of Saukia Walcott, but is indeterminate 
due to insufficient material and poor preservation. 

Stratigraphic horizon. Koldinioidia (Liriamnica) 
labakoiicnsis-lvshinaspis formosa Assemblage, 
Jiantang Formation, Upper Cambrian. 

Superfamily DIKELOCEPHALOIDEA 
Miller, 1889 

Gen. et. sp. indet. 1 
Fig. 16E 

Material. NMV P456772, collection number HFH 22. 
15-2. 

Description. Pygidium elliptical in outline; axis of 
pygidium conical, short and convex, about one- 
third as long as the pygidium. Axis segment 
indistinct; pleural region fiat and wide; pleural and 
interpleural furrows narrow and deep; pleural lobe 
divided into three pairs of pleural rings; border 
furrow indistinct. 

Comments. This specimen is similar to that of 
Jiangnania himanensis Peng (1987: III, pi. 7, 
figs 2, 3) in similar shape of axial of pygidium, 
and interpleural furrows, but the latter has a narrow 
furrow at the posterior axial lobe of pygidium. 

Stratigraphic horizon. Coryncxochus hunaiiensis- 
Pseiidoyuepingia Assemblage, Tingziguan For¬ 
mation, Upper Cambrian. 
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Gen. et. sp. indet. 2 
Fig. 16F, G 

Material. NMV PI456773, collection number HFH 
68.15; NMV PI456774. collection number HFH 68.16. 

Description. Glabella rectangular and Hat; glabellar 
furrows not observed; a pair of anterior pits at 
antcro-latcral corner of the glabella deep and 
distinct; axial furrow narrow and deep. Preglabellar 
furrow shallow and indistinct; a pair of oblique 
furrows present at antcro-latcral corner of glabella, 
shallow and wide. Anterior section of facial sutures 
long, slightly diverging, and incurably turning 
inward and extending to the middle-line. Pre¬ 
glabellar field wide and fiat; border slightly sharp, 
and anteriorly convex at the middle; border furrows 
indistinct. 

Comments. This species is represented by two 
incomplete cranidia, poorly preserved in the silt- 
stone. It is similar to Quadraticephaliis Sun (1924; 
63, pi. 4, fig. 6a-b) in the outline of cranidium, 
but differs from the latter by its convex posterior 
glabella and slightly deep axial furrows and its 
surface, bearing node. These characteristics suggest 
that it probably belongs to a new species of a new 
genus of the Ptychaspididae, but a formal generic 
and specific identification is hampered due to 
insufficient material. 

Stratigraphic horizon. Koldinioidia (Liriamnica) 
labakouensis-Ivshtnaspis formosa Assemblage, 
Jiantang Formation, Upper Cambrian. 

Family CERATOPYGIDAE Linnarsson, 1869 

Gen. ct. sp. indet. 3 
Fig. 16H, I 

Material. NMV P1456775. collection number HFH 
68.17; NMV PI456776, collection number HFH 68.18. 

Description. Pygidium semicircular in outline; axis 
conical and gently convex, long, extending to 
posterior border; axial furrows shallow, with four 
pairs of short and pit-shaped furrows on the axis 
of the pygidium, suggesting larval age. Pleural 
lobes flat, pleural and interpleural furrows weak; 
axial furrow of pygidium distinct, increasing in 
width and depth near anterior margin, connecting 
with furrows on the pleural lobes surface, marked 
by many small concave pitting. Border narrow. 

Comments. The present species is comparable with 
Charchaqia norini Troeds.son (1937: 48, pis 1, 6, 
figs 1-12) in having a similar pygidium outline, 
but the posterior axis of the pygidium of the later 
is narrow and lacks small pitting on the surface. 


Stratigraphic horizon. Koldinioidia (Liriamnica) 
labakotiensis-Ivshinaspis formosa Assemblage, 
Jiantang Formation, Upper Cambrian. 

Gen. et. sp. indet. 4 
Fig. 16J 

Material. NMV P1456777, collection number HFH 48. 

Comments. An incomplete shield is obtained from 
the present collection. It is characterised by a 
rectangular and moderately convex glabella with 
parallel sides. The glabella is slightly contracted 
at the middle; glabella furrows indistinct; small 
palpebral lobes present at middle-anterior of the 
glabella. Posterior section of facial sutures extend¬ 
ing postero-latcrally; border furrow wide and 
shallow. These features indicate that the present 
specimen probably belongs to a new genus of 
Cerapotygidae; however, this potential new genus 
and species arc presently indeterminate due to poor 
preservation and insufficient material. 

Stratigraphic horizon. Corynexochtis hiinanensis- 
Pseudoyuepingia jiantangensis Assemblage, Ting- 
ziguan Formation, Upper Cambrian. 

Gen. et. sp. indet. 5 
Fig. I6K 

Material. NMV PI456778, collection HFH 80.03-3. 

Description. Pygidium semicircular in outline; axis 
of pygidium gently convex, triangular-shaped, and 
extending to the border: bearing four axial segments 
and a terminal segment; axial furrows broad and 
shallow. Pleural field slightly, convex, pleural and 
interpleural furrows weak. Border narrow. 

Comments. The present specimen resembles 
Charchaqia norini Troedsson (1937: 48, pi. 5, 
fig. 1; pi. 6, figs 1-12), but differs by its broader 
posterior axis of the pygidium. 

Stratigraphic horizon. Koldinioidia (Liriamnica) 
labakotiensis-Ivshinaspis formosa Assemblage, 
Jiantang Formation, the Upper Cambrian. 
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COAST AND RIVER VALLEYS IN THE NORTH-EASTERN OTWAY RANGES 
1-10 YEARS AFTER THE WILDFIRE OF FEBRUARY 1983 

Margaret C. Wark 

Angair Incorporated (Angicsca and Aireys Inlet Society for the Protection of Flora & Fauna), 

PO Box 12, Anglesea, Victoria 3230, Australia 

Wark, M. C., 1999:11:30, Regeneration of Melaleuca lanceolata Otto, and Melaleuca squarrosa 
Donn ex Sm. coniinunities of the coa.st and river vallcy.s in the north-eastern Otway 
Ranges l-IO years after the wildfire of February 1983. Proceedings of die Royal Society 
of Victoria 111(2): 173-213. LSSN 0035-9211. 

Vegetation of the coastal complex (sand dunes and cliff tops) and some river valleys 
(non-saline swamps) of the Anglesea district includes floristically diverse and species-rich 
Melaleuca communities. Plant speeies richness ranges from 54-111 for dune communities 
and 29-98 for swamp communities. Variations in floristics and structure reflect differences in 
proximity to the sea, topography, soil structure :md fertility, fire history and the presence of 
the pathogen Phytophthora ciimamomi in adjacent plant communities. 

Following the wildfire of February 1983, 98% stuid dune and 78% swamp vascular plant 
species pre.scnt before the fire reappeared within the first year. All other species returned by 
year three. An additional species, the rare lizard orchid (Burneltia cuneata). not previously 
recorded in the district, appeared in the swamps in the first year post-fire. 

In all dune tutd swamp communities maximum post-fire species richness of vascular 
plants occurred in the early years after fire, then decreased by year 10 as vascular plant 
cover incre.ised. In contrast, in most communities the number of species of non-vascular plants 
increased or .stayed constant as vascular phant cover increased. 

Sixty per cent of all species in sand dune communities were obligate seed regenerators 
(regenerating from seed only [OSR]), whereas in swamp communities over 60% of all species 
regenerated vegetatively. 

Structural recovery of most Melaleuca subcommunities on the dunes and in the swamps 
occurred by 10 years post-fire. In contrast, a major structural and floristic change occurred in 
one dune subcommunity where Acacia longifolia van sophorae became dominant post-fire, 
suppressing the regeneration of other species. 

Weed invasion of both the sand dunes and the adjacent coastal heathland was 
stimulated by the wildfire. Five species of OSR shrubs classified as ‘environmental weeds’, 
*Chrysamhemoides monilifera ssp. monilifera. * Polygala rnyriifolia. Acacia longifolia van 
sophorae, Leptospermum laevigatum and Parascrianthes lopantha, appeared immediately after 
the fire, competing with regenerating indigenous species. 

Though no extensive in-ground (peat) fires established in the Melaleuca squarrosa closed 
scrub of the Anglesea River valleys following the 1983 wildfire, some small patches were 
found where the peaty soil burnt and all above-ground and in-ground vegetation was killed. 
Almost no recolonisation of these badly burnt areas occurred in the 10 years post-fire, or by 
15 years, suggesting that in these seasonally dry swatnps recovery from an in-ground fire may 
lake many years. 


ON 17 February 1983 (Ash Wednesday) a wild¬ 
fire burnt almost 40 000 ha of vegetation near 
Anglesea and Aireys Inlet, in the north-eastern 
Otway Ranges, Victoria (Rawson et al. 1983). 
Until then there had been no published study of 
the fire ecology of the flora of this area. Following 
the wildfire, a ten-year study of the post-fire 
recovery of the vegetation was initiated. The 
aims of the study were to monitor vegetation 
regeneration following wildfire in six of the major 
plant communities in the district, coastal heath. 


heath woodland, open-forest, sand-dune scrub, 
swamp thicket and gully complexes. Regeneration 
of the heath, heath woodland, forest and gully 
communities has already been described (Wark 
et al. 1987; Wark 1996, 1997). 

This paper presents data on vegetation recovery 
of two different Melaleuca communities 1-10 years 
after the 1983 wildfire, and describes their floristics 
and structure. Regeneration strategies and post-fire 
Dowering response of species are also described. 
The communities arc Melaleuca lanceolata open 
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scrub and open heath of the sand dunes, and 
Melaleuca scjuarrosa closed scrub (swamp thicket) 
of the non-saline swamps in the river valleys north 
and west of Anglesea. Mammal, bird and insect 
data have been studied and reported separately 
(Wilson & Moloney 1985a. 1985b; Reilly 1985, 
1991; Andersen 1987). 


SITE DESCRIPTIONS 

Two sites (D and S) containing Melaleuca scrub 
communities (Fig. I, Table 1) were selected within 
3-4 km of Anglesea. Site D, sand dune, was on 
narrow Quaternary coastal dunes of calcareous 
aeolian sand and shell grit (Pitt 1981), situated 
south of the Great Ocean Road (between Anglesea 
and Urquhart Bluff, and east of Huti Gully) and 
adjacent to coastal heathland. Site S, swamp, was 
on Quaternary alluvial peats overlying Tertiary 
sediments known as the Eastern View Formation 
(Pitt 1981). It was situated 3-4 km inland on the 
Anglesea River and some of its eastern (Harrison 
Traek) and western (Edwards Creek) tributaries, 
adjacent to heath woodland. All sites .supported 
natural vegetation. 

Each site contained .several plant communities 
(subsites) ranging from open heath to heath 
woodland and closed scrub. The structural 
terminology used follows Specht (1970). Except 
for subsites D1 and S4, which may have been 
affected by previous road making, all subsites 
were undisturbed. 

The fire history of each site differed (Table 1). 
The high-intensity 1983 wildfire (Rawson et al. 
1983) incinerated the surface vegetation and 
crown fired the Melaleuca overstorey at all sub¬ 
sites (Table I). This fire occurred following a 
drought year (1982) in which the total rainfall at 
Anglesea was 452 mm; 68% of the annual mean 
of 657 mm. Rains of over 80 mm fell one, three, 
seven and eight months after the fire. Total rain¬ 
falls for Anglesea from 1983 to 1993 were 683, 
685. 717, 622, 740, 643. 825, 596, 614 and 
758 mm, respectively (Wark et al. 1987; Wark 
1996). 

Because of the extent of the fires, no comparable 
unburnt subsites were available for study. No 
in-ground fires (peat fires) occurred in the dunes 
following this wildfire, although, in drier parts of 
the swamps (eg. subsite S3), occasional small peat 
fires (20-40 m^) were ignited. Here the humus-rich 
soil of the Melaleuca squarrosa closed scrub was 
burnt to a depth of about 0.15 m and all in-ground 
and above-ground vegetation was killed. 



Fig. I. Locality map showing location of the eastern 
Otway Ranges, Victoria and sites D (coastal dune) and 
S (swamp). Reading east to west, the Ihree swamp 
sites (S) are Harrison Track. Anglesea River and Edwards 
Creek, respectively. Stippling indicates the area burnt 
on 16 February 1983. The fire advanced from the 
south west. 


These small in-ground fires did not become 
extensive, as had previous peat fires in swamps of 
the district (Wark 1997). 

METHODS 

Soils 

Methods used to sample soils, examine profiles 
and perform chemical analyses and isolate 
Ph\tophthoni cinnamomi have been described 
(Wark et al. 1987; Wark 1996). Chemical analy.ses 
were carried out by the State Chemistry Laboratory, 
Victoria; soil profiles were examined by Dr D. J. 
Robertson (Charles Sturt University), and P. 
cinnamomi isolations carried out by Dr G. C. 
Marks (Department of Conservation and Natural 
Resources, Victoria). 

In this paper, friable material formed by burning 
peaty loam will be called ‘burnt peat’ as in Wark 
(1997), 

Vegetation 

Pre-fire data. Detailed species lists of vascular 
plants (White 1982) were prepared for each site 
prior to the 1983 fire. However, no quantitative 
data on pre-fire lloristics or vegetation structure 
were available. Approximate pre-fire heights and 
densities of shrubs were estimated Irom charred 
canopy remains, and pre-fire field observations 
and photographs. 
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Data collection and data analysis. Forty-two 1 x 
3 m permanent quadrats (surrounded by I lx 13 m 
extended plots), placed randomly on 0.25-1 ha 
subsites (Table 1) 1 month or 2 years alter the 
fire, were u.sed for data collection. In the swamps 
an additional 15 random quadrats (at 2 locations; 
one on the Anglcsca River and another on a western 
tributary, Edwards Creek, of the Anglcsca River; 
Fig. 1) were used at year 3 to confirm that the 
floristic and structural data collected at subsites 
S1-S4 were a representative sample of the swamp 
thicket communities in the area. Tliroughout the 
study, field observations on the dunes and cliffs 
at Port Roadknight, Anglcsca, and the cliff tops at 
Aireys Inlet, were used to supplement quadrat data 
on fioristics, structure, flowering and regeneration 
response of coastal communities. 

For methods sec Wark et al. (1987) and Wark 
(1996, 1997). Data were collected in spring I, 3 
and 10 years after fire. Nomenclature of va.scular 
plants follows Ross (1996); for Orchidaceae— 
Backhouse & Jcancs (1995); mossc.s—Scott & 
Stone (1976); liverworts—Scott (1985); and 
lichens—Filson & Rogers (1976). Name changes 
of vascular plants which have occurred since 
Wark (1996) are given in the Appendix. 

Total species lists were made for each site and 
subsitc at each survey, and this information used 
to supplement quadrat data on fioristics, fiowering 
and regeneration strategies. As in the previous 
three papers (Wark et al. 1987; Wark 1996, 1997), 
the term ‘total’ number of species at a site, or 
subsite, refers to the total number of species 
recorded in the quadrats plus any additional species 
recorded at that site, or subsitc. In the present 
paper, quadrat data alone is used to analyse the 
relationship between plant species richness and 
total vascular plant cover. 

Regeneration strategies terminology. Terminology 
follows Ptirdic & Slatycr (1976) and Purdie (1977a. 
1977b), namely: OSR = obligate .seed regenerator 
(regenerating from seed, spores or propagulcs 
only); FRR = facultative regrowth regenerator 
(regenerating from seed, spores or propagulcs and 
by regrowth also); ORR = obligate regrowih 
regenerator (regenerating by regrowth only). 

Environmental weeds terminology. Terminology 
follows Carr (1993), namely: Environmental weeds 
arc ‘naturalised, exotic, or ecologically “oui-of- 
balancc” indigenous species outside the agricultural 
or garden context which, as a result of invasion, 
adversely affect survival or regeneration of 
indigenous species in natural or parlly-natural 
vegetation communities'. 


RESULTS 

Soils 

Profiles. All soils had A horizons greater than 
0.9 m, and color falling in the Munsell ‘black’ or 
‘dark brown’ range. Profiles of the A horizon at 
Site D were compri.sed of ‘black brown’/‘black’ 
calcareous sand, whilst at site S unstructured 
‘black’ peat extended to a depth of >0.9 m. The 
color of ‘burnt peat’ at site S was in the Munsell 
‘red’ range, and extended to a depth of about 
0.15 m. 

Chemical analysis. Soils at the subsites ranged in 
pH from 3.7-8.3 and were low in exchangeable 
nutrient cations, N and P (Table 2). Swamp soils 
(site S) were high in organic matter (Table 2). The 
level of Ca and Mg was higher in coastal soils 
(site 13), probably due to their geological history 
and to salt spray deposition from on-shore winds 
(Parsons & Gill 1968; Parsons 1979). 

Analyses of topsoil sampled one and two years 
after fire showed no significant change in nutrient 
levels between these times (Table 2, P > 0.05) and 
suggests that any ‘ash bed’ effect had disappeared 
by the first year. Unfortunately topsoil samples 
collected two months after the fire were mislaid 
so no information is available on nutrient levels 
for that period. 

Moisture. Soils at all swamp sites were water¬ 
logged during winter, June-August, and appeared 
droughted during summer, December-February). 
Soils in the interdune corridor of the sand dunes, 
between subsites D1 and D2, were waterlogged 
during winter. Roadworks and dune fencing along 
the Great Ocean Road in the first year after the 
fire resulted in some diversion of surface road 
water onto site Dl. 

Piiytophthora cinnamomi. Pliytophiliora cinnamomi 
was isolated by Dr G. C. Marks three years post- 
firc from roots of plants of the heath woodland 
and heath woodland ecotone (subsites B2 and B3; 
Wark et al. 1987) adjacent to site S. Both these 
communities were uphill from sub.sites S3 and S4. 
Symptoms of possible Piiytophthora infestation 
such as dead plants of Sprengelia incarnata were 
seen in the swamp ecotone (subsitc S4) and 
adjacent swamp (subsitc S3) at years 2, 3 and 
10 post-fire. 

Vegetation 

Fioristics. The fioristics of the plant sub-com¬ 
munities one, three and ten years post-fire arc 
presented as presence-absence data in Tables 3, 4, 
and Fig. 2. 
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Table 2. Soil analysis of the A horizon (0-10 cm) of sand dune (Dl, D3)'and swamp (S3, S4) communities 1 and 2 years after fire. *Year 1 values are 
from single samples. **Year 2 values are from composite samples of 40 cores. 
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(a) Coastal dunes (site D, Table 3) 

(i) Number of species. A total of 124 species 
of vascular plants were recorded prior to the fire. 
All but 2 species (over 98%) reappeared during 
the first year; and all were present by 3 years 
post-fire. In contrast, 11 species of non-vascular 
plants appeared by year 3 and an additional 17 
non-vascular plant species between years 3 and 10. 

A total of 28 shrub species, 86 species of herbs, 
8 creepers and climbers, 2 ferns and 28 species 
of non-vascular plants were prc.scnt, giving a total 
species list of 152 for the 10 years post-fire at 
site D (Table 3). In this paper, the term graminoid 
will not be used, and the term herb used to mean 
an herbaceous species, 

(ii) Introduced species. Twenty-eight introduced 
species, mainly members of the Astcraceae and 
Poaceac, were present at moderate to high 
density in the sand dune communities, especially 
in the scrub adjacent to the Great Ocean Road 
(subsitc Dl, Table 3). These included two 
exotic shrubs classified as ‘environmental weeds’, 

* Chrysanthemoides monilifera ssp. monilifera and 

* Polygala myrtifolia (Carr ct al. 1992); one 
exotic creeper, Rubus ulmifolius, classified as a 
noxious weed; and two Australian shrub species, 
Leptospermum laevigatum and Paraseriantlies 
lopantlia. naturalised outside their geographic range 
and classified as ‘environmental weeds’ (Carr 
et al. 1992; Carr 1993). 

Many introduced species of herbs and shrubs 
appeared in other coastal communities of the 
district post-fire. Field observations made in coastal 
scrub on the dunes and cliffs at Point Roadknight 
(Angicsea), and in coastal .scrub and heath on the 
cliff tops at Aireys Inlet, show that huge numbers 
of seedling shrubs of exotic, *Cliry.santbemnides 
monilifera ssp. monilifera and *Polygala myrtifolia. 
and indigenous Leptospermum laevigatum and 
Acacia longifoUa var. sopliorae appeared at both 
sites in the first year post-fire and were still pre.sent 
at year 10 post-fire (F. Anderson, pers. comm.; 
M. D. White, pers. comm.; Carr et al. 1992). On 
the cliff tops at Aireys Inlet, many seedling 
shrubs of indigenous species from New South 
Wales and Western Australia, and South African 
and European exotics also appeared in the first 
year post-fire and remained till year 10, including 
*Erica lusitanica. *Genista linifolia, Hakea laurina. 
Hakea suaveolens, Melaleuca armillaris, Melaleuca 
diosmifolia, Melaleuca liypericifolia and Para- 
seriantbes lopantlia (F. Anderson, pers. comm.). 

In many cases *C. monilifera ssp. monilifera, 
*Polygala myrtifolia. *Erica lusitanica and *Genisia 
linifolia flowered and seeded during the first year 


post-fire producing a second crop of seedlings by 
3 years post-fire (F. Anderson, pers. comm.) 

(Hi) Floristic diversity of communities. The dune 
communities were floristically diverse. Species 
numbers per sub-community ranged from 54-111 
(Table 3). Seventy-nine to 86% of sand dune 
species in each sub-community were sampled in 
the permanent quadrats by year 3, giving a species 
richness in quadrats of 43-95 species (Table 3). 

Nine species were found in all sand dune 
sub-communities including Melaleuca lanceolata, 
Leucopogon parviflorus, Hibbertia sericea, Poa 
poiformis, Lepidospenna gladiatum and several 
species of herbs. 

Computer analy.sis of combined year I and 
year 3 data, by Dr D. J. Robertson, Charles Sturt 
University, using both classification and ordination 
techniques (data not presented here), confirmed 
the presence of four distinct sand dune sub¬ 
communities all with a dominant shrub layer 
(subsites D1-D4), and identified fioristic differ¬ 
ences between them (Tables I, 3). 

Computer analysis al.so showed that the species 
composition of each sub-community changed little 
in the first three years after fire. Ninety-five per 
cent of all dune species present by the third year 
appeared in the first year after fire (Table 3). 

( iv) Changes in species riclme.ss with time. 

Maximum post-fire species richness occurred in 
the early years after fire (Table 3, Figs 2A-2F). 
In dune communities, the species richness of 
vascular plants in quadrats decreased (Figs 2A, 
2C, 2E) as vascular plant cover increased 

(Figs 2B. 2D, 2F). In contrast, on the dunes the 
species richness of non-vascular plants cither 
increased or increa.sed then plateaued (Figs 2A, 
2C, 2E) as vascular plant cover increased 

(Figs 2B, 2D. 2F). 

(v) Dominant species (Table \). The approximate 
density of Melaleuca lanceolata on the dunes 
pre-fire varied from 10-1000 shrub.s/ha (approx. 
5 stems/shrub), and ranged in habit from 4.5 m 
multi-stemmcd large shmbs of GBH 34 cm (sub¬ 
sitc D2; Table I, Figs 3A-3C), to low sprawling 

1.5 m salt-pruned shrubs in exposed areas (sub- 
sites D3, D4; Table 1). Densities of M. lanceolata 
shrubs pre-fire were very low (10/ha) on the 
landward dune (subsite Dl) and highest on the 
lee side of the seaward dune (subsite D2). 

The approximate density of Leucopogon parvi- 
jlorus pre-fire varied from 10-3000 shrubs/ha 
(approx. 2.5 stem.s/shrub) and ranged in habit from 

2.5 m tall multi-stemmed large shrubs of GBH 
18cm (subsitc Dl; Table 1) to low sprawling 
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Subsite 


D1 


D2 



D3 


D4 

§ 

Vegetation formation 


Open scrub 


Open scrub 


Open heath 

Open heath 

Tall Shrubs' 












Myrtaceae 











10 

Melaleuca lanceolata 

1 

3 

(10) 

1 

3 

10 

(1) 

3 

10 

1 3 

Shrubs' 












Astcraceae 












Ozotliamuus ferru^ineus 

(1) 

(3) 

10 






(10) 



" turhinatus 







(1) 

(3) 

(10) 

1 (3) 

(10) 

Olearia axillaris 







(1) 

(3) 

(10) 

(1) (3) 

(10) 

" ramulosa 

(1) 

3 










Calocephalus brownii 
*Chryanthemoi(ies monilifera 







1 

(3) 

(10) 

1 3 

10 

ssp. monilifera 

(1) 

(3) 

(10) 

(1) 


(10) 

(1) 


(10) 

1 


Chennpodiaccac 

Rhagodia cundolleana 
Epacridaceae 



(10) 

(1) 

3 

10 

(1) 

3 

(10) 

1 3 

10 

10 

Leucopogoii parvijlorus 
Gootlcniaceae 

(1) 

3 

10 

(1) 

3 

(10) 

1 

3 

10 

1 3 


Goodenia ovaia 

Mimosaceae 

(1) 











Acacia longifolia var. sophorae 

1 

3 

10 

1 

3 

10 



10 



" verticillata 

(1) 











*Paraseriantlies lopantha 

(1) 











Pitlosporaccac 

Bursaria spinosa 

Myoporaccac 

(1) 











Myoporum insulate 

1 

3 

(10) 


(3) 

(10) 






" (viscosum) sp. 

(1) 











Myrtaceae 












Leptospennuni laevigatum 

(1) 

(3) 

(10) 









" continentale 

(1) 

3 

10 









Fabaceae 

Indigofera australis 

Dilleniaccae 

(1) 











Hihhertia sericea 

1 

3 

(10) 

1 

3 

(10) 

(1) 

3 

10 

1 3 

(10) 

" riparia 

Polygalaceac 

(1) 











*Polygala myrtifolia 

(1) 

(3) 

(10) 



(10) 



(10) 



Proteaccac 

Banksia marginata 

Rutaccac 

(1) 

3 

(10) 









Correa alba 







(1) 

(3) 

(10) 

1 3 

10 

Rhamnaceae 












Spyridium vexilliferum 










1 (3) 


Solanaceae 












Solanum lacinialum 

(I) 

(3) 


(1) 

(3) 







Thyniellaceae 












Pimelea humilis 

1 











" serpyllifolia 





3 

(10) 

1 

3 

10 

1 3 

10 

Lichens^ 












Cladia aggrcgata 



10 



(10) 



10 


10 

Parmelia spp. 









10 


10 

Teloschistes chrysopluhalmus 











10 

Usnea ? confusa 






(10) 



10 


10 

Unidentified spp. 











10 


Table 3 continued next page (see legend on page 184) 
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Subsile 

D1 

D2 

D3 

D4^ 

Vegetation formation 

Open scrub 

Open scrub 

Open heath 

Open heath 

Liverworts’ 





Cephaloziella cxiliflora 

10 




Lophocolea semiteres 

3 10 

10 

3 10 

1 3 10 

MarchanUa bertcroana 

(1) 


10 

(1) 

Unidentified spp. 

10 

10 

10 


Mosses' 





Barbula calycina 



3 10 

(I) 3 

Barhula crinita 



10 


liarbuUi torquata 

3 


3 (10) 

1 3 (10) 

Bartramidula pusilla 

3 


3 


Bracliytliecium rutahulwn 



3 


Bryum hiUardieri 

3 10 

10 

3 10 

(1) 3 

Bryum capiliare 

10 


(10) 

(10) 

Bryum spp. 

10 




Campytopus introflexus 

10 




Campylopus spp. 

10 

(10) 



Ccratodon purpureas 

1 




Fissidens tenellus 

10 




Funaria hygrometrica 

(1) 3 


(1) 


Polytrichum juniperinum 

10 




Rhacopilum convolutaceum 

(10) 

10 

(10) 


Rhynchostegium tenuifolium 


10 

(10) 


Sematophyllum amoenum 

10 




Tayloria octoblepharis 

10 




Thuidium J'urfurosum 



3 10 

1 3 10 

Tortella cirrhata 



(10) 

(10) 

Tortula antarctica 



3 (10) 

1 3 (10) 

Tortula papillosa 



10 


Zygodon minutus 


(10) 

(10) 


Unidentified spp. 

1 3 10 

1 3 

1 3 

1 3 

Fungi ’ 





Unidentified spp. 

(3) (10) 

(3) (10) 

(3) (10) 

(1) (3) (10) 

Ferns ^ 





Lindsaea linearis 

(1) (3) 

1 3 



Pteridium esculentum 

1 3 10 

10 



Grasses' 





Poaceae 





Agrostis avenacea 

1 3 

3 

3 10 


hillardieri 


1 3 

1 3 (10) 

3 10 

Austrostipa flavescens 


1 3 

1 3 10 

1 3 

semiharhata 

1 3 




*Brizti maxima 

1 3 




* " minor 

1 3 




^Caiapodium ri^idum 


3 

1 3 


Danthonia caespitosa 



(1) (3) 

1 3 

Deyeuxia ipiadriseta 

1 3 




Dic/telachne crinita 

(1) 3 



3 

*Ehrbarta erecta 

(3) 




*Holcus lanatus 

(1) 




Imperata cylindrica 

1 3 (10) 




*Lagurus ovatus 


(1) 3 

1 3 10 

1 3 10 

Microlaena stipoides 

1 





Table 3 continued next page (see legend on page 184) 
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Subsite 

Ul 

D2 

D3 

D4 ^ 

Vegetation formation 

Open scrub 

Open scrub 

Open heath 

Open heath 

Paa poiformis 

1 3 

1 3 10 

1 3 10 

1 3 10 

Spinifex hirsums 




1 3 10 

Themeda trUmdra 

1 3 




*Vulpia myuros 



3 

3 

Unidentified spp. 

1 3 10 

3 10 

3 10 

I 3 10 

Lilies & irises * 





Hypoxidaceac 





Hypaxis glabella 



1 


Liliaceae 





ChaniaescilUi corvmhosa 

(1) 




Dianella hrevicaidis 


(1) 

(10) 

(10) 

Wunnhea dioica 



(1) 


Xanthorrhocaceae 





Lomandra filifannis 

(1) 




” micrantba 

(1) 




Lomandra spp. 

(10) 




Sedges & rushes' 





Cyperaceae 





Galinia radula 

1 3 10 

10 



Isolepis marginala 

1 


1 


" nadasa 

(1) 3 

(1) 

(1) (3) 10 

1 3 10 

Lepidospenna gladiatum 

1 3 10 

1 3 10 

1 3 10 

(1) 3 (10) 

Schaenusagopon 

1 3 

3 

3 10 


Juncaceae 





Jimciis palUdus 

(1) (3) 

(1) (3) 



Orchids ' 





Orchidaceae 





Caladenia lalifolia 



1 3 10 

1 3 10 

Coryhas incun'is 



1 3 10 


Cyriostylis renifurmis 



(1) (3) (10) 


Pteraslylis alala 



(1) 


Microtis unifolia 

(1) 


(1) 


Herbs ' 





Asteraceae 





*Arciotheca calendula 

(1) 

1 



Argcntipallium leucopsideum 



(1) 


*Carduus tenuiflorus 

(1) 3 

3 (10) 

3 (10 

3 (10) 

*Cirsium vulgare 

(1) 

3 

(3) (10) 


•Co/IVOT honaricnsis 

1 3 (10) 

1 3 10 



Cymbonntus priessianus 


1 



*Dittrkhia graveolens 

(1) 




Eiichiton sphaericus 

(1) 




fielichrysum leucopsideum 



(1) 


scorpioides 

(1) 




*Hypochoens radicata 

(1) 




*Seneeio elegans 



(1) (10) 

(10) 

" hispidulus 

(1) 

(1) 


10 

" odorants 

(1) (1) 




" spp. 

(1) 3 

(1) (10) 



*Soitclnis oleraceus 

1 

1 3 (10) 

3 (10) 
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Subsite 

Vegetation formation 

D1 

Open scrub 

D2 

Open scrub 

D3 

Open heath 

D4 ^ 

Open heath 

Aizoaceae 





Telragonia implexicoma 

(10) 

(1) (3) (10) 



Boraginaceae 





Cynoglossum suaveolens 



1 


Campanulaceae 





Wablenhergia gracilenta 

1 3 




" stricta 

(1) 




Caryophyllaceae 





*Cerastium glomeratum 

3 

3 

(1) 3 

3 

Parietaria dehilis 


1 10 

10 


*Pol\carpon letraphvllum 


(1) 



*Stellaria media 



1 3 (10) 

1 3 (10) 

Chcnopodiaceae 





Threlkeldia diffusa 


(1) 



Convolvulaceae 





Convolvulus eruhescens 

1 3 




Dichondra repens 

1 3 10 

3 10 

3 10 


Crassulaceac 





Crassula Jecumhens 


(1) 

(1) 


” sieheriana 


(1) 3 

(1) 3 10 

1 3 (10) 

" spp. 

(1) 




Cruciferae 





*Cakile maritima 




(1) 

Fabaceae 





*Melilolus spp. 

(1) 




*Wc/Vj sativa 

(1) 




*Vicia spp. 

(1) 




Droseraceae 





Dnisera peltata ssp. auriculata 

(!) 




Drosera peltata 

(1) 




Gentianaceae 





Centaurium spicatum 

I 3 

3 

(1) 3 10 

3 (10 

Sehaea ovata 



1 3 


Gcraniaceae 





Geranium solanderi 

1 3 

1 3 (10) 

3 10 

3 10 

Pelargonium australe 

(1) 3 




” inodorum 

(1) 




Goodeniaccae 





Scaevola alhida 

(1) 



3 

Haloragaccac 





Gimocarpus tetragynus 

1 3 




Labialae 





Scutellaria humilis 


(1) 



Oxalic! accae 





*Oxalis comiculata 

1 3 


3 


Polygonaceae 





Rumex hrownii 

(1) 3 




Plantaginaccae 





Plantago varia 

(1) 3 




Primulaceae 





Mnagallis arvensis 

1 

1 3 

3 10 


Rosaceae 





Acaena novae-zelandiae 

(1) (3) (10) 
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Subsite 

Vegetation formation 


D1 

Open scrub 


D2 

Open scrub 


D3 

Open heath 


D4 * 

Open heath 


Rubiaceae 

*GaUum Jivaricaliim 
" murate 
" spp. 

Opercutarhi varia 
Scrophulariaceac 
Veronica calycina 
Solanaceae 

*Solanum douglasii 
Uinbelliferae 

Apium prnstraium 
Daucus glochidiatus 
H\drocot\le hina 
Violaceae 

Viola hederacea 
Zygophyllaceae 

Zygophyllum biUardierei 

Creepers & climbers* 
Aizoaceae 

Carpobrotus rossii 
Fabaceae 

Swuinsona lesscniifolia 
Lauraceae 

Cassytha glabella 
Pittosporaceae 

Billardiera scandens 
Polygonaceae 

Muehlenbcckia adpressa 
Rosaceae 

Rubus panijlonis 
*Rid)us ulmifolius 
Ranunculaccac 

Clematis microphylla 

Seedlings' 

Dicotyledon 

Monocotyledon 


Sub-total vascular 
species in quadrats 

Year 1, Year 3, Year 10 

Sub-total additional 
vascular species at site 
Year 1, Year3. Year 10 

Total vascular species* 

Year I. Year 3, Year 10 


( 1 ) 

( 1 ) 

I 

1 


I 3 
1 3 
1 


1 

(1) 3 (10) 

1 3 

1 3 (10) 

(1) 3 (10) 

(1) (3) (10) 


37 43 9 


51 10 17 


88 53 26 


( 1 ) 

1 


( 1 ) 

1 

( 1 ) 


( 10 ) 
3 10 

3 10 


(1) 3 (10) 

1 


10 


(1) 3 (10) 


3 (10) 


1 3 10 


10 


17 29 10 


20 4 14 


19 31 24 


21 8 16 


37 33 24 40 39 40 


3 (10) 


( 10 ) 

I 3 10 
1 3 10 


I 3 10 

1 ( 10 ) 


(1) 3 10 


23 30 17 


4 3 13 


27 33 30 
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Subsite 

Vegetation formation 

Dl 

Open semb 

D2 

Open scrub 

D3 

Open heath 

D4 ** 

Open heath 

Sub-total non-vascular 
species in quadrats 

Year 1, Year 3. Year 10 

1 

.“i 11 

1 4 

1 

8 

9 

4 

6 6 

Sub-total additional non-vascular 
species at site 

Year I, Year 3, Year 10 

2 

1 

4 

1 

- 

7 

2 

4 

Total non-vascular species ‘ 

Year 1, Year 3, Year 10 

3 

5 12 

1 8 

2 

82 

16 

6 

6 10 

Total species ‘ 

Year 1. Year 3, Year 10 

91 

58 38 

37 34 32 

41 

47 

56 

33 

39 40 

Total species * 

Years 1-3 Combined 


95 

50 


59 



43 

Total species * 

Years l-IO Combined 


111 

60 


75 



54 

Total species ‘ 

Years 1-10 Combined 

152 species 

124 species vascular plants 

28 species non-vascular plants 


Table 3. Holistic comparisons between sand dune subsites I, 3 and 10 years after fire. Key: I = present 
in quadrats year 1; 3 = present in quadrats year 3; 10 = present in quadrats year 10; (1) = present at site 
year 1; (3) = present at site year 3; (10) = present at site year 10; *not burnt; * introduced species; ^1 x3m 
quadrats; ®total species present in quadrats plus additional species present at site. 


1.0-1.5 m salt-pruned shrubs in exposed areas (sub¬ 
sites D3, D4; Table 1). Densities of L. paiviflorus 
were 3000/ha at subsites D1 and D3, and very 
low (10/ha) at subsite D2. 

The mean density of Acacia longifolia var. 
sophorae on the landward dune (subsite Dl) 
pre-fire was approximately 275 shrubs/ha (range 
50-500 ha). Most were mature sprawling shrubs 
3.5 m tall by 4.0-7.0 m wide. No A. longifolia 
var. sophorae was present pre-ftre at any other 
subsites; though occasional plants occurred on 
the coastal heathland inland from the dunes. 

(vi) Non-vascular plants. Non-vascular plants 
were uncommon. The number of species present 
gradually increased with titne post-fire (Table 3). 
Three species appeared in year I, an additional 


8 species by year 3, and an additional 17 species 
by year 10, making a total of 28 species of 
non-vascular plants for the 10 years post-fire. 
The burnt subsites, subsites DI-D3, were colonised 
in succession by different species of non-vascular 
plants. Post-fire colonisers, Funaria hygrometrica, 
Ceratoclon pnrpureus and Marcliantia berleroana, 
appeared during year I post-lire and were rarely 
seen after year 3. Tlie liverwort Lopliocolea 
semitieres and another seven species of moss 
appeared by year 3; and a further species of 
liverwort. 14 additional species of moss and 
3 species of lichens by year 10. 

Less than 50% of the non-va.scular plant 
species which appeared at subsites DI-D3 during 
the 10 years post-fire, were recorded on the un¬ 
burnt subsite, subsite D4. 
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(b) Swamp thicket (site S, Table 4) 

(i) Number of species. A total of 94 species of 
vascular plants were recorded prior to the fire. 
Seventy-eight per cent reappeared in the first 
year after fire, and all reappeared by 3 years post- 
fire (Table 4). One additional species, the orchid 
Buniettia cuneata, not previously recorded in 
the district, appeared in the swamp ecotone (sub¬ 
site S4) six months after fire. 

No additional species of vascular plants appeared 
between 3 and 10 years post-fire. In contrast, 
9 species of non-vascular plants appeared by 
year 3 and an additional I non-vascular plant 
species between years 3 and 10, 

A total of 2 tree species, 18 shrubs, 6 species 
of ferns, 64 species of herbs, 3 creepers and 
climbers, 2 water plants and 19 species of non- 
vascular plants were present, giving a total 
species-list of 114 for the 10 years post-fire at 
site S (Table 4). 

(ii) Introduced species. Only three introduced 
species, *Centaurium spicatum, *Cotula coronopi- 
folia and *Cyperus tenellus, were found in the 
swamp ecotone adjacent to the Harrison Track 
(subsitc S4, Table 4). 

( Hi) Floristic diversity of communities. The Mela¬ 
leuca squarrosa swamp thicket/closcd scrub plant 
sub-communities (subsites S1-S3) were fioristic- 
ally similar. Species numbers per sub-community 
ranged from 29-42 (lable 4). In contrast, the heath 
woodland/closcd .scrub ecotone sub-community 
(subsite S4) was lloristically richer (98 species— 
Table 4). Ninety-one to 95% of species in each 
sub-community were sampled in the permanent 
quadrats by year 3 giving a species richness in 
quadrats of 29-98 species (Table 4). 

Seven species of shrubs and 1 tree species were 
found in all swamp sub-communities. They were 
Eucalyptus ovata, Melaleuca squarrosa. Lepto- 
spermum continentale, Leptospermum lanigerum, 
Viminaria juncea, Epacris obtusifolia, Sprengelia 
incarnata. Comesperma ericinum and Pimelea 
flava. 

Computer analysis by Dr D. J. Robertson, 
Charles Sturt University, confirmed the presence 
of four distinct swamp sub-communities and 
identified lloristic differences between them. 
Computer analysis also showed that the species 
composition of each sub-community changed little 
in the first three years after fire. Eighty-two per 
cent of all swamp species present by the third 
year appeared in the first year after fire (Table 4). 


The lloristic differences between the swamp 
communities appeared to reflect variations in soils, 
drainage and topography. Communities on peaty 
soils in depressions or along drainage lines always 
contained the shrub Leptospermum lanigerum 
(subsites SI. S2) whilst communities on drier 
transitional soils, which were .seasonally water¬ 
logged, contained the sedge Baumea acuta (subsites 
S3, S4). 

The proportion of sedges and rushes was greater 
in swamp communities than in the sand dune 
communities (Tables 3, 4). 


(iVj Changes in species richness with time. 
Maximum post-fire species richness occurred in 
the early years after fire (Table 4, Figs 2G, 2H). 
In swamp communities, the species richness of 
vascular plants in quadrats decrea.scd (Fig. 2G) 
as vascular plant cover increased (Fig. 2H). In 
contrast, the species richness of non-va.scular plants 
increa.sed with time then plateaued (Fig. 2G) as 
va.scular plant cover incrca.scd (Fig. 2H). 

Combining site and quadrat data, maximum 
post-fire species richness of vascular plants in the 
M. squarrosa swamp (subsites SI-S3 combined) 
occurred during years 1-3, decreasing by year 10 
to 70% of the year 1-3 level (40 species years 
1-3 combined; 28 species year Kf—^Table 4). 
Similarly, maximum po.st-firc species richness ol 
non-vascular plants (subsites SI-S3 combined) 
occurred during years 1-3 and then decreased by 
year 10 to 50% of the year 1-3 level (10 species 
years 1-3 combined; 5 species year 10—Table 4). 


(v) Dominant species (Tah]c 1). Melaleuca squar-' 
rosa formed dense thickets often 0.5 km wide 
along the length of the Anglesca River Valley. The 
approximate density of M. squarrosa shrubs pre¬ 
fire ranged from 30 000 shrubs/ha (5-10 stems/ 
shrub; .subsites S2, S3; Figs 4A-4C); to dense 
thickets of 100 000-250 000 shrubs/lia (subsite SI 
and other sites along the Anglesea River). The 
approximate pre-fire height of M. squarrosa ranged 
from 3.5 m (subsites S1-S3, Table 1) to 4.8 m at 
Edwards Creek, a westerly tributary of the Anglesea 
River. 

Eucalyptus ovata multi-stemmed emergents oc¬ 
curred at low density (eg. 15 trecs/ha; 5 stems/tree 
at subsitc S2, Figs 4A^C), usually in the centre 
of the thickets of M. squarrosa near permanent 
w'ater. Pre-fire height at both Harrison Track and 
Edwards Creek was approximately 6.5 m (range 
6.25-6.75 nr, GBH 56.0 cm). 
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SAND DUNE OPEN SCRUB SAND DUNE OPEN SCRUB 

(Subsite D1) {Subsite Dl) 



SAND DUNE OPEN SCRUB 
(Subsite D2) 


SAND DUNE OPEN SCRUB 
(Subsite D2) 



Fig. 2. Species richness and plant cover (%) I, 3 and 10 years post-fire. A, Species richness in sand dune 
open-scrub (subsitc Dl). B, Cover (%) in sand dune open-scrub (subsite Dl). C, Species richness in sand 
dune open-scrub (subsite D2). D, Cover (%) in sand dune open-scrub (subsitc D2). E, Species richness in 












TOTAL SPECIES IN QUADRATS TOTAL SPECIES IN QUADRATS 


MELALEUCA COMMUNITIES l-IO YEARS AFTER WILDFIRE 


187 


SAND DUNE OPEN HEATH 


SAND DUNE OPEN HEATH 



E 


F 


SWAMP THICKET CLOSED SCRUB 
(Subsites Si, S2, S3 combined) 


SWAMP THICKET CLOSED SCRUB 
(Subsites SI, S2, S3 combined) 



sand dune open-heath (subsite D3). F, Cover (%) in sand dune open-heath (subsite D3). G, Species richness 
in swamp thicket closed-scrub (subsites SI-S3 combined). H. Cover (%) in swamp thicket closed-scrub 
(subsites SI-S3 eombined). 
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Subsile 

SI^ 


S2^ 



S3 



S4 


Vegetation formation 

Closed scrub 

Closed scrub 

Closed heath 

Heath woodland/ 









Closed scrub 

Trees 











Myrtaceae 











Eucalyptus ohliqua 








(1) 

(3) 

(10) 

" ovata 

(3) 

(10) 

(3) 

(10) 

1 

(3) 

(10) 

(1) 

(3) 

(10) 

Tall Shrubs * 











Myrtaceae 











Leptospermum continentale 

3 

10 

3 

10 

1 

3 

10 

1 

3 

10 

lanigerum 

3 

10 

3 

10 

(1) 

3 





Melaleuca squarrosa 

Fabaccae 

3 

10 

3 

10 

1 

3 

10 

1 

3 

10 

Viminaria juncea 

3 

10 

3 

10 

(1) 

(3) 

(10) 




Shrubs * 











Asieraceae 











Ozolhanmus rosmaritiifoUus 
Epacridaceae 








(1) 

(3) 

(10) 

Epacris impressa 








1 

3 

10 

ohtusifolia 

3 

10 

3 

(10) 

1 

3 

10 

1 

3 

10 

lunicopogon australis 








1 

3 

10 

Sprengelia incarnata 

3 

10 

3 

10 

1 

3 

10 

1 

3 

10 

Leucopogon virgatus 
Goodeniaceae 








(1) 

(3) 

(10) 

Goodenia ovata 

Dilleniaceae 



3 

10 


3 

10 

(1) 

(3) 

(10) 

Hihbertia fasciculata var. 











prostrata 








(3) 



Fabaceac 










Pultenaea dentata 






(3) 

(10) 


3 

10 

siricta 



3 



3 

(10) 


(3) 

(10) 

Sphaerolohium vimineum 
Mimosaceae 









(3) 


Acacia verticillata 

Polygalaccae 








(1) 

(3) 

(10) 

Coinespenna ericinum 
Proicaceae 

3 

(10) 

(3) 



3 


1 

3 

10 

Danksia marf*inata 
Thymelaccac 








1 

3 

10 

Pimelea jlava 

3 

10 

3 

(10) 


3 

10 

(1) 

3 

(10) 

Fungi' 











Gerronema postii 

Unidentified spp. 

3 

10 

3 

10 

(1) 

3 

10 

(1) 

3 

10 

Liverworts ’ 











Ccphaloziella exilijlora 






3 




10 

Goehetobry um unguiculatum 










10 

Hyalolepidozea lotifiisypha 









3 

10 

Kurzia compacta 









3 

10 

Kurzia ? reversa 







10 



10 

Lethocolea pansu 

Marchantia berteroana 

3 





3 

10 



10 

Riccardia aequicellularis 










10 

Unidentified spp. 

3 

10 

3 

10 


3 

10 


3 

10 
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Subsile 

Vegetation formation 

S]§ 

Closed scrub 

S2^ 

Closed scrub 

S3 

Closed heath 

S4 

Heath woodland/ 
Closed scrub 

Lichens' 





Cladia aggegala 

3 10 

3 10 

3 10 

3 10 

Thysanothccium scutellatum 




10 

Vsnea sp. 




10 

Unidentified spp. 




10 

Mosses ^ 





Barbula calycina 




(3) 

Bryum spp. 



3 


Campylopus da vat us 



3 10 


" inlroflexus 



3 10 

10 

Ceratodon purpureas 



3 


Funaria liyf^rometrica 




(1) 

Polytridwm juniperinum 




(3) 

Unidentified spp. 

3 10 

(3) 

1 3 10 


Ferns & allies * 





Unidentified spp. 


3 



Gleicheniaceae 





Glekhenia dicarpa 

3 10 

(3) 

1 3 10 

1 3 10 

Schizaeaccae 





Schizaea Jlslulosa 




1 3 

Selaginellaceac 





Setaginella iitiginosa 



3 10 

I 3 10 

Centrolepidaccae 





Centrolepis aristala 




(1) 

strigosa 




(1) 

Dennstacdiaccae 





Pteridium esculentum 




(1) 

Sedges & rushes ^ 





Unidentified spp. 


10 

10 

3 10 

Cypcraceac 





Baurnea acuta 



1 3 

1 

" juncea 

3 

3 

1 3 10 

1 3 (10) 

tetragona 

3 

10 

1 3 10 

1 3' (10) 

*Cypenis lenellus 




(3) 

Gahnia sieheriana 

(3) (10) 

3 (10) 

1 3 10 


" Irijlda 

3 

3 (10) 

(1) 3 10 


" radula 




(1) (3) (10) 

Isotepis inundata 




(1) 

marginata 




(1) 

L^pidospenna longitudinale 

3 10 




Schoenusapogon 




(3) 

" hrevifolius 

3 

3 

1 3 10 

1 3 10 

tenuissimus 




(3) 10 

Juncaceac 





Juncus planifolius 

3 




" paueijiorus 




(1) (3) (10) 

Restionaccao 

— 




Empodisma minus 

3 10 

3 10 

1 3 10 

3 10 
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Subsite 

Vegetation formation 

Sl5 

Closed scrub 

S2^ 

Closed scrub 

S3 

Closed heath 

S4 

Heath woodland/ 
Closed scrub 

Water plants 





Juncaginaceae 





Triglochin procerum 

3 10 

3 



Menyanthaceae 





Villarsia reniformis 

(3) 

(3) 


(1) (3) 

Grasses 





Poaceae 





Agroslis avenacea 




3 

Deveiixia densa 




(1) 

" quadr'iseta 




(1) 

Poa morrisii 




(1) (3) 

Microlaeiia stipoides 




(1) 

Phragmites australis 

(3) 10 




Tetrarrhena acuminata 

3 




Lilies & irises^ 





Xanlhorrhoeaceae 





Lomandra longifolia 




(1) (10) 

Iridaceae 





Patersonia fragilis 




1 3 10 

occidentale 



(1) 3 

1 3 10 

XyriJaceae 





Xyris operculata 

3 10 

(3) 

(3) 

1 3 10 

Orchids' 





Orchidaceae 





Burneuia cuneata 



(!) 

(1) 

Calochilus campestris 




(1) 

Coryhas fordharnii 




(1) 

Crypinstylis suhulala 


3 



Orthnceras strictum 



(1) 

(1) 

Prasophyllum uustrale 




1 

Herbs' 





Asleraccae 





*Cotula coronopifolia 




(1) 

Euchiton sphaericus 




(1) 

Lagenifera gracilis 




(1) 

Droseraceae 





Drosera pellala var. auriculatc 



1 

1 10 

" hinala 

3 

(3) 

1 3 10 

1 3 10 

" gtanduligera 




(1) 

" macranlha 




(1) 

" peltaia 




1 3 

" pygmaea 



(3) 

1 (3) 

whittakeri 




1 3 

Euphorbiaceae 





Porandiera microphylla 




(1) 

Gcniineaceac 





*Centaurium spicatum 




(1) 

Goodcniaceae 





Goodenia humilis 




(1) (3) 

lanaia 




(1) (3) 

Selliera radicans 




(1) (3) 
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Subsile 

Sl^ 


S2* 


S3 


S4 

Vegetation formation 

Closed scrub 


Closed scrub 


Closed heath 


Heath woodland/ 








Closed scrub 

Haloragaceae 









Gonocarpus teira^ynus 







(1) 

(3) 

" micranthus 








(3) 

Lenlibulariaccae 

Utricularia hucrijlora 
Lobeliaceae 







1 


Ldbelia alata 







(1) 

(3) 

Loganiaccae 









Mitrasacme pitosa 








(3) 

Rosaccae 

Acaena novae-zelandiae 
Rubiaceae 








(3) 

Galium hinifolium 

Opercularia varia 

3 

10 





(1) 

1 

(3) 

Tremandraceae 

Tclralbcca ciliaia 

Stylidiaceae 








(3) (10) 

StyUdium perpuxillum 
Umbelliferae 








(3) 

Centella cordifolia 





3 


(1) 


Xanthosia dissecia 





I 3 

10 

1 

3 10 

pusilta 







(1) 

3 

Violaccac 

Viola cleisiogamoides 
Primulaceae 







(1) 

(3) 

Samolus repens 







(I) 

(3) 

Creepers & cxccclitnbcrs' 









Lauraccac 









Cassyllm glabella 

3 

10 

3 


3 

10 


3 10 

" mehmtha 





(3) 




Pittosporaeeae 








Billardiera scwidens 







1 

3 

Seedlings' 









Dicotyledon 

Monocotyledon 





1 

1 


1 

1 


Sub-total vascular species 
in quadrats 

Year 1, Year 3, Year 10 

25 

19 

18 

10 

15 24 

19 

28 

27 22 

Sub-total additional 
vascular species at site 

Year 1. Year 3, Year 10 

2 

3 

6 

5 

6 6 

4 

42 

28 12 

Total vascular species * 

Year I, Year 3. Year 10 

- 27 

1 

22 

24 

15 

21 30 

23 

70 

55 24 


Table 4 continued next page (see legend on page 192) 
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Subsite 

Vegetation formation 

Sl^ 

Closed scrub 

S2^ 

Closed scrub 

S3 

Closed heath 

S4 

Heath woodland/ 
Closed scrub 

Sub-iotal non-vascular 
species in quadrats 

Year 1, Year 3, Year 10 

3 3 

2 2 

1 7 5 

3 1 

Sub-total additional 
non-vascular species at site 

Year 1. Year 3. Year 10 


1 

1 

2 2 

Total non-vascular species ^ 

Year 1, Year 3. Year 10 

3 3 

3 2 

2 7 5 

2 5 11 

Total species ‘ 

Year 1. Year 3, Year 10 

§ 30 25 

§ 27 17 

23 37 28 

72 60 35 

Total species * 

Years 1-3 Combined 

29 

27 

40 

90 

Total species * 

Years 1-10 Combined 

30 

29 

42 

98 

Total species* 

Years 1-10 Combined 

114 species 

95 species vascular plants 

19 species non-vascular plants 


Table 4. Floristic comparisons between swamp subsites I, 3 and 10 years after rire. Key: 1= present 
in quadrats year I; 3 = present in quadrats year 3; IO = present in quadrats year 10; (l) = present at site 
year I; (3) = present at site year 3; (IO) = present at site year 10; ®total species present in quadrats plus 
additional species present at site; *only surveyed years 3 and 10; *introduced species; **12x 13 m quadrats; 

1 X 3 m quadrats. 


(vi) Non-vascular plants. As on the sand dunes, 
non-vascular plants were uncommon and appeared 
in a dennite sequence with time. The total number 
of species recorded at years 1, 3 and 10 was 2, 
13 and 11, respectively. The early colonisers, 
Fiinaria hygrometrica, Marchantia berteroana and 
Gerronema postil, were present in very low 
numbers. Liverworts were relatively plentiful in 
damp ecotonal areas (subsite S4). 

Structure. The structure of the plant sub-com¬ 
munities 1, 3 and 10 years post-fire are presented 
in Table 5 and Figs 3-6. 

At both dune and swamp sites, the fire 
completely incinerated the herb and ground stratum 
and killed all above-ground portions of the shrub 
stratum. Very small shrubs were burnt to the 
ground. 


(a) Coastal dunes (site D; Table 5, Figs 3A-3C, 
5A-5C, 6A-6C) 

(i) Melaleuca lanccolata recoveiy post-fire. All 
Melaleuca lanceolata shrubs at subsite D3 (pre- 
fire GBH 22 cm) and 98% M. lanceolata shrubs 
at subsite D2 (pre-fire GBH 34 cm) survived the 
fire, sprouting from lignotubers 2-4 months post¬ 
fire (Figs 3A-3C). .Shrubs which did not survive 
and resprout showed severe fire scarring at the 
base, and the cambial layer had apparently been 
damaged by the fire. The ash bed, at subsite D2 
on the lee side of the dunes, was 30-45 cm deep 
po.st-fire (Figs 3A-3C). 

Huge numbers of M. lanceolata seedlings 
appeared on the dunes in the first year after 
fire. Mean densities of Melaleuca seedlings after 
3 years at subsites Dl, D2 and D3 were 8000/ha, 
280 000/ha and 57 500/ha, respectively. Very few 
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Table 5. Structure of sand dune (D) and swamp (S) communities 3 and 10 years after fire. Key: *tallest species prior to the fire; M[ = Melaleuca 
lanceokua', Ms = Melaleuca squarwsa-. As = Acacia longifolia var. sophorae; Lp = Leucopogon panijlorus-, Ca = Correa alba\ LI = Leplospermtim lanigerunv, 
Lc = Lepinspermum conlineniale\ II = Isolepis nodosus', Lg = Lepidosperma gladiatunv, Gs = Gahnia sieberiana; Gt = Galmia trifida; Gr = Gahnia radukr, 
^aiea not burnt; ^Melaleuca seedlings; OS = open scrub; OH = open heath; CS = closed scrub; H\V/CS = heath woodland/closed scrub (ecotone). 
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of these seedlings survived till year 10. Huge 
numbers of seedlings also germinated at year 1 
under M. lanceolata in saline swamps beside the 
Anglesca River, but most did not survive (M. D. 
White, pers. comm.). 

The rate of recovery of M. lanceolata was most 
rapid at subsite D3 (Table 5, Fig. 5C), approximate 
pre-fire height and cover being attained by 10 years 
post-fire. However, the rate of shrub height and 
cover recovery at this site was affected at least 
twice during the 10 year period by salt-spray- 
induced chloride toxicity which killed young 
regrowth on the seaward side of A/, lanceolata. 
Leucopogon parviflorus was less affected. 

The rate of recovery of M. lanceolata was 
slower in the drier conditions at site D2 (Table 5, 
Figs 3A-3C, 5B) though vigorous sprouting from 
basal epicormics occurred in the early years post- 
firc and recovery of cover was initially rapid, only 
82% of approximate pre-fire height was reached 
by year 10 (Fig. 5B). A few seedling shrubs of 
Myoporum instilare and Acacia longifolia var. 
sopliorae established in this area in the early years 
post-fire, and by year 10 had reached heights of 
5.0 m and 3.7 m, respectively (Figs 3A-3C). 

(iij Leucopogon parviflorus recovery post-fire. 
Vegetative regeneration of L. parviflorus shrubs 
(GBH 18-22 cm) was very slow; b,isal regrowth 
gradually appearing from lignotubers over a 19- 
month period (6-24 months post-fire). 

The percentage viability of L. parviflorus shrubs 
varied, ranging from 100% at subsite D3; 75% in 
L. parviflorus open heath on the cl ill' tops at Aireys 
Inlet; to 20% at subsite Dl. Some fire scarring 
of L parviflorus lignotubers was observed at sub¬ 
site Dl, and plants with such scarring did not 
resprout. 

Rate of recovery of L parviflorus height and 
cover was slow in comparison with other species 
which grew more vigorously in the early years 
post-fire (Table 5, Figs 5A, 6A). At subsite Dl 
by year 3, 0.8 m tall Pteridium esculentum and 
1.2 m tall Acacia longifolia var. sophorae seedlings, 
formed a dense cover over 0.6 m L. parviflorus 
regrowth. At subsite Dl, L. parviflorus was rank 
and spindly at year 10 and height and cover 


values were only 76% and 12% of the approximate 
pre-fire levels (Fig. 5A). 

Few Leucopogon seedlings appeared at any of 
the subsites in the first 10 years after fire and 
most did not survive. The only Leucopogon 
seedlings noted at year 10 were at subsites D3 
and D4 (0.12 m, 0.72 m tall, respectively). 

(Hi) Acacia longifolia var. sophorae recovery post- 
fire. All shrubs of A. longifolia var. .sophorae 
were killed by the fire (Table 5). Many seedlings 
germinated at 6-8 months post-fire (subsite Dl), 
the greatest numbers usually occurring under the 
dead A. longifolia var. .sophorae shrubs. Some 
seedlings also germinated on other parts of the 
dunes (subsile D2) and on the nearby coastal 
heathland. 

Seedling heights were 0.4 m, >l.0m and 3.9 m 
at years 1, 3 and 10, respectively. Seedling density 
(at subsite Dl) was greatest at year 2 (approx. 
2700 shrub.s/ha); many seedling deaths occurring 
during the third year. 

The rate of height and cover recovery of 
A. longifolia var. sophorae at subsitc Dl was 
rapid, reaching approximate pre-fire levels by 7- 
8 years post-fire (Table 5, Fig. 5A). By year 10, 
height and density of A. longifolia var. sophorae 
was 3.9 m and 225/ha, respectively (ranges 3.4- 
4.4; 140-350/ha, respectively). A. longifolia var. 
sophorae shrubs comprised >90% of the total shrub 
cover at year 10, along with a few large isolated 
plants of Myoporum insulare and Ozothaninus 
ferriigineus. Width of the A. longifolia var. sophorae 
shrubs ranged from 2.4-6.0 m. By year 13 post¬ 
fire. some A. sophorae shrubs were 5 m tall and 
10 in wide with a GBH of 45 cm. 

(iv) Cover of shrubs and herbs I-JO years post- 
fire. Both the shrub stratum and the herb and 
ground stratum began to recover in the first year 
after fire (Figs 6A-6C). At all subsites herbs and 
grasses were the main cover component during 
years 1-3. Grazing of grasses, orchids and other 
herbs by European rabbits (Oryctolagus cuniculus) 
was common, especially at subsites D3 and D4. 
Some species such iis Agrostis billardieri were 
selectively grazed each year. 


Fig. S. Vegetation profiles at subsile D2 iiniiiedialely after fire and 2 and 14 ye.irs later. Horizontal and 
vertical scales arc the .same. Stippling and hatching indicates the extent of canopy regrowth. A. Open scrub of 
Melaleuca lanceolata (Ml) and leucopogon parvifloru.s (Lp) iinincdiately after fire (subsite D2). B, Subsite D2, 
2 years after fire. Carpobrotus rossH (Cr), Lepido.spenna gludiatum (Lg), Pteridium esculentum (Pe). Poa 
poiformis (Pp). C, Subsite D2, 14 years after fire. Acacia .sophorae (As), Hihbertia sericea (Hs). lepido.spenna 
gladiatum dead (Lgd), Rhagodia baccala tRb). 
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By year 10, woody shrubs were the main cover 
component at all subsites and herb cover was 
reduced to about 30-44% at subsites D2 and D3 
(Table 5, Figs 6B-6C), and to <1% at subsite D1 
(Table 5, Fig. 6A), where Acacia longifolia var. 
sophorae had been the dominant shrub since 
years 1-3 post-fire. 


(b) Swamp thicket (site S; Table 5, Figs 4A^C, 
5D, 6D) 

The fire incinerated the herb and ground stratum 
and killed all above ground portions of the 
Melaleuca squarrosa shrub stratum. Above-ground 
portions of Eucalyptus ovata were also killed. 
The litter layer between the M. squarrosa shrubs 
was also incinerated exposing huge lignotubcrs of 
the plants, raised 0.3-0.5 m above the surface of 
the peat. 

(i) Melaleuca squarrosa recovery post-fire. All 
M. squarrosa shrubs on the swamp (subsites SI-S3) 
and about 99% M. squarrosa shrubs in the swamp 
ecotone (subsitc S4) survived the fire, sprouting 
from lignotubcrs 6-8 weeks post-fire (Figs 4A^C). 
Shrubs which did not survive showed severe fire 
scarring of the base, suggesting that the fire may 
have been extremely hot or long lasting in the.se 
areas. Germination of hard-seeded swamp species 
such as Puhenaea stricta was often observed in 
such locations. 

Recovery of 3.5 m M. squarrosa (subsites Sl- 
S3) is pre.sented in Table 5 and Fig. 5D. Though 
recovery of cover was faster in the early years 
post-fire, by year 10 all sub-communities had 
reached their approximate pre-fire height and 
cover levels (Fig. 5D). Recovery height and cover 
of 4.8 m M. squarrosa at Edwards Creek also 
occurred by 10 years post-fire. 

In the swamps, possible fungal infection was 
observed on young M. squarrosa regrowth in the 
first year after fire. No pathogens were isolated. 

(ii) Eucalyptus ovata recovery post-fire. Most 
(-98%) mature E. ovata (pre-fire height 6.5 m, 
GBH 56 cm) survived the fire, sprouting from the 
base at 6-9 weeks. Smaller trees which were burnt 


to the ground did not resprout till 11 months post- 
firc. Trees which did not regenerate showed severe 
fire-scarring of the lignotuber. 

At the Harrisons Track and Edwards Creek 
tributaries, the rate of height recovery of multi- 
stemmed E. ovata (6.5 m pre-fire) was faster than 
the rate of height recovery of the M. squarrosa 
thicket (Fig. 5D); regrowth from E. ovata ligno- 
tubers reaching 73% of pre-fire height by year 3 
(range 4.3-5.2 m) and 110% of pre-fire height 
by year 10 (range 6.8-7.4 m; Fig. 5D). 

(Hi) Leptospermum continentale recoveiy post- 
fire. L. continentale was found mainly around the 
edge of the swamps, often on raised rootstocks 
with M. squarrosa. All L. continentale shrubs 
appeared to survive the fire, sprouting from 
lignotubcrs 6-8 weeks post-fire (Figs 4A-4C). 
Regeneration was almost entirely by regrowth, 
pre-fire heights of 2.5 m (range 1.4-4.7 m; sub¬ 
sites S1-S3 combined) being reached by 10 years 
post-fire. Seedlings of L continentale were rare. 

(iv) Cover of shrubs anti herbs I-IO years post- 
fire. Both the shrub stratum and the herb and 
ground stratum began to recover in the first year 
after fire (Fig. 6D), though woody plants remained 
the main cover component throughout the 10-year 
period. By year 10, sedges and ferns, especially 
the climbing species Empodisma minus and 
Gleichenia elicarpa, often formed an impenetrable 
barrier through and between the woody shrubs 
and with other sedges and rushes contributed 
significantly to vegetation cover (Fig. 6D). No 
grasses and few herbs were found in the swamp 
subsites throughout the 10 year period. 

(v) Recovery following death of lignotubers. In 
small areas in drier parts of the swamp (20- 
40 m-; subsites S3, S4), the wildfire appeared to 
have been exceptionally intense, and severe fire¬ 
scarring and death of lignotubcrs of E. ovata, 
M. squarrosa and L. continentale occurred. In 
the.sc areas, very small in-ground fires (peat fires) 
were ignited by the wildfire, and the top 0.1- 
0.15 m of the peaty loam was burnt leaving areas 
of red ‘burnt peat’ on the ‘black’ peat. All above¬ 
ground and in-ground vegetation was killed. 


Fig. 4. Vegetation profiles at subsite S3 immediately after fire and 2 and 14 years later. A, Closed scrub 
of Meltileiica squarrosa (Ms) and Leptospermum eontiiieiilale (Lc) with Eucalyptus ovata (Eo) immediately 
after fire (subsite S3). B, Subsite S3. 2 years after fire. Baumea juncea (Bj), Empodisma minus (Em), Shoenus 
brevifolius (Sb). C, Subsitc S3, 14 years after fire. Epacris obtusifolia (Eob), Gleichenia dicarpa (Gd), Galinia 
sieberiana (Gs), Leucopogon australis (La), Pimelia flava (Ff), Sprengelia incarnata (Si). 
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SAND DUNE OPEN SCRUB 
(Subsite D1) 


SAND DUNE OPEN SCRUB 
(Subsite D2) 



A B 


SAND DUNE OPEN HEATH 
(Subsite D3) 


SWAMP THICKET CLOSED SCRUB 
(Subsites Si, S 2 , S3 combined) 



YEARS POST FIRE 

C 


YEARS POST FIRE 

D 


Fig. 5. Shrub stratum recovery in dune and swamp communities 1-10 years post-fire. A, Dunes, subsitc D1 — 
Leucnpngan paniflorus-Acacia longifolia var. sophorae open scrub community. B, Dunes, subsite D— Melaleuca 
lanceolata open scrub community. C, Dunes, subsite D3— Melaleuca lanceolala, l^ucopogon parvijlorus open 
heath community. D, Swamps, subsites S1-S3 combined—A/c/o/cucd scpuirrosa-l^piospermum cantinenlale closed 
scrub community. 
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SAND DUNE 
OPEN SCRUB 
{subsite Di) 


SAND DUNE 
OPEN SCRUB 
(subsite D 2 ) 



YEAR 1 


YEAR 10 


YEAR 1 


YEAR 10 


B 


SAND DUNE 
OPEN HEATH 
(subsite D3) 


SWAMP THICKET 
CLOSED SCRUB 
(subsite Si, S2&S3 combined) 



YEAR 1 


YEAR 10 


YEAR 1 


YEAR 10 


COVER 


D 


BARE LITTER WOODY OTHER 
GROUND PLANTS 


Fi^. 6. Projective cover of shrub stratum in open scrub and open heath on the dunes and in closed scrub in 
the swamp communities I and 10 years post-fire. A, Dunes, subsitc DI— L. parviflorus-A. longifolia var. 
sophome open scrub. B, Dunes, subsite D2— M. lanceokua open scrub. C, Dunes, subsite D3— M. lanceolata- 
L. parviflorus open heath. D, Swamp, subsites SI-S3 combined— M. squarwsa-L. continentale closed scrub. 
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Vegetation regeneration in these areas was 
extremely slow and by 10 years post-fire plants 
present included a few mosses which colonised in 
the early years post-fire, and an occasional ‘hard 
seeded’ shrub (eg. Pulteiiaea stricta). No seedlings 
of M. squarrosa or E. ovaia established in these 
areas m the 10 years post-fire; and no further 
colonisation was observed at 15 years. 


Regeneration strategies 

Regeneration strategies for species appearing in the 
first 3 years post-lire arc presented in Tables 6 
and 7. Life-form groups of all species regenerating 
in the first 3 years and still present at year 10 arc 
presented in Tables 8 and 9. Regeneration was 
either by regrowth. from dormant buds, in stems, 
lignotubers, root tussocks, roots, rhizomes, tubers 
and tuberoids; from seed; or by both means. 


(a) Coastal dunes (site D; Tables 6, 8, Fig. 3) 

(i) Regeneration mechanisms and timing. On the 
dunes. Pteridium escidentum. Imperata cylindrica 
and Muehlenheckia adpressa sprouted at 4-6 weeks 
from underground roots or rhizomes. As mentioned 
earlier, sprouting of Melaleuca lanceolata shrubs 
occurred by 2-4 months, whilst Lettcopogon 
parviflorus did not rcsproul till 6-24 months. 

Huge numbers of monocotyledon and dicotyledon 
seedlings appeared on the dunes from 2-3 months; 
including many grasses, especially Poa poiformis 
and Stipa flavescens, and introduced weeds. 
Hundreds of seedlings of M. lanceolata appeared 
in the deep ash at subsite D2, at 6 months, whilst 
germination of Acacia sophorae seedlings at sub¬ 
site Dl occurred 6-8 months post-fire. 

(ii) Regeneration strategies and life-form groups. 
All species of vascular plants present before the 
fire reappeared during the first year post-fire. 
Sixty-one per cent were OSR regenerators and 
included mainly shrubs and herbs. Fifteen per cent 
were ORR and included sedges, rushes, and 
orchids; and the remaining 24% were FRR and 
included both shrubs and herbs. 

Approximately 61% of all species pre.scnt at 
years 1-3 post-fire, and still remaining 10 years 
post-fire, had regenerated from seed only. The two 
main exotic shrub species, and two indigenous 
shrub species classified as ‘environmental weeds’, 
were all OSR regenerators and survived the first 
10 years post-fire; *Chrysanthemoides monilifera. 


*Polygala myrtifoUa, Parasieranthes lopantba, 
Leptospermum laevigatum. The vigorous shrub 
of the landward dunes. Acacia longifolia van 
sophorae, was also an OSR regenerator and 
survived till year 10. 

(Hi) Regeneration strategies of dominant shrubs. 
The main shrubs, Melaleuca lanceolata and Leuco- 
pogon parx’iflorus, were both FRR regenerators. 
A high degree of both rootstock and seedling 
regeneration was shown by M. lanceolata in 
comparison with L. pars'ijlorus which produced few 
seedlings. However, by year 10, M. lanceolctta had 
largely re-established by vegetative means. Though 
massive germination of M. lanceolata seedlings 
occurred under established shrubs at .subsite D2, 
most seedlings did not survive to year 10. At years 
I, 3 and 10 seedling numbers were 230/m*. 28/m‘-, 
2.3/m^, respectively; and seedling heights 0.2 m, 
0.5 m and 2.6 m. Seedling mortality was highest 
where the seed-bed appeared dry or was shaded 
by ferns, grasses or herbs ineluding Pteridium 
csculentum, Poa poiformis and Conyzxt honariensis. 
Seedling height and density at 3 years in open 
areas was 0.6 m and I70m^, respectively. 


(b) Swamp thicket (site S; Tables 7, 9, Fig. 4) 

(i) Regeneration mechanisms and timing. In the 
swamps, sedges and rushes including Baumea 
juncea, Empodisma minus and Schoenus brevifolius, 
regenerated from rhizomes by 4-6 weeks. Sprout¬ 
ing of the main shrubs, Melaleuca squarrosa and 
Leptospermum continentalc, occurred from ligno- 
lubers by 6-8 weeks, as did most Eucalyptus ovata 
at 2-A months. Seedlings of Sprengelia Incarnata 
and Pimelea /lava appeared by 6 months. 

At a swamp on the Salt Creek, north of Aireys 
Inlet, with floristics similar to .site S, Drosera 
hinata was the first plant to regenerate following 
the fire, sprouting in thousands at 3 weeks. Another 
herb, Utricularia uniflora, also appeared at this site 
at 6-8 weeks. 

By year I, all vaseular plant speeies present 
before the fire had reappeared with the exception 
of three species of hard-seeded shrubs, Pultenaea 
dentata, P. stricta and Sphaerolobium vimineum, 
which germinated from seed 2 years post-fire. 

(ii) Regeneration strategies and life form groups. 
Sixty-one per cent of species present at years I- 
3 regenerated by vegetative means (35% ORR 
regenerators, 26% FRR regenerators); and 39% 
from seed only (Table 9). 
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Obligate seed regenerators t 
(from seed or spore or propagules only) 


Facultative regrowth regenerators t 
(by regrowth, and from seed or propagules) 


Regen. First 
Strategy Flowering 


Regeneration 

Strategy 


First 

Flowering 


Shmbs 


Acacia longifoUa var. sophorae 

SI 

F3 

” verticiUala 

SI 

F2 

*ChnsanlhemoicIes monolifera 

SI 

FI 

Correa alha 

SI 

F2 

GooJenia ovaia 

SI 

FI 

Indigofera australis 

SI 

F2 

Leptospennum conlincntale 

SI 

F3 

" laevigatuni 

SI 

F3 

Myoporum insulare 

SI 


" f'vi.rmv/mi) sp. 

SI 


Olearia axillaris 

SI 

FI 

" ramulosa 

SI 

F2 

Ozothamnus ferntgineus 

SI 

F2 

" turhinatus 

SI 

FI 

*Parasenanthes lopanilia 

SI 

F3 

Pimelea humilis 

SI 

F2 

*Polygala myrtifolia 

SI 

FI 

Rhagodia candolleana 

SI 

FI 

Solanum laciniatuni 

SI 

F2 

Spyridium vexilliferum 

SI 

F2 

Liverworts 

Lopbocolea semiteres 

S2 

F2 

Marchantia herteroana 

SI 

FI 


Mosses 

Barhula calycinall 

S3 

F2 

Barhula torquata # 

S3 

F3 

Bartraniidula pusilla 

S3 

F3 

Brachythecium rufahulum 

S3 

F3 

Bryum hillardieri U 

S3 

F3 

Ceratodon purpureas 

S2 

F2 

Funaria bygrometrica 

SI 

FI 

Polytriebum juniperinum 

S3 

F2 

Tbuidium furfurosum U 

S3 

F2 

Tortella aniarcticu ^ 

S3 

F2 

Grasses 

*Briza nuixima 

SI 

F! 

* " minor 

SI 

FI 

^Catapodium rigidum 

SI 

FI 

*Lagunv{ ovatus 

SI 

FI 

*Vulpia myuros 

SI 

FI 


Tall shmbs 


Melaleuca lanceolata 

Ll 

SI 

F3 

Shrubs 

Banksia margituita 

Ll 

S? 

F2 

Bursaria spinosa 

Ll 

SI 

FI 

Calocepbalus brownii 

Stl.LI 

SI 

F2 

Hihhertia riparia 

Ll 

SI 

F3 

" sericea 

Ll 

SI 

F2 

Leucopogon parviJJorus 

Ll 

SI 

F3 

Pimelea serpyllifolia 

Stl.LI 

SI 

F2 

Ferns 

Pleridium esculentum 

R1 

SI 

FI 

Grasses 

Agrostis avenacea 

R1 

SI 

FI 

” hillardieri 

R1 

SI 

FI 

A ustrostipa JJavescens 

R1 

SI 

FI 

semiharbata 

R1 

SI 

FI 

Dantbonia caespitosa 

R1 

SI 

FI 

Deyeuxia quadriseta 

RI 

SI 

FI 

Dicbelachne crinita 

R1 

SI 

FI 

*Ebrharia ereefa 

Rl 

SI 

FI 

*Holcus lanatus 

Rl 

SI 

FI 

/mperata cylindrica 

Rl 

SI 

FI 

Microlaena stipoides 

Rl 

SI 

FI 

Poa poifortnis 

Rl 

SI 

FI 

Spinifex birsutus 

Rl 

SI 

F? 

Tbemeda triandra 

Rl 

SI 

FI 

Herbs 

Helicbrysum leucopsideum 

Rl 

SI 

F2 

" scorpioides 

Rl 

SI 

FI 

Oxalis corniculata 

Rl 

SI 

FI 

Pelargonium australe 

Rl 

SI 

FI 

" inodorum 

Rl 

SI 

FI 

Plantago varia 

Rl 

SI 

FI 

Veronica calycina 

RI 

SI 

F2 

Zygopbyllum hillardieri 

Rl? 

SI 

FI 

Creepers & climbers 

Mueblenheckia adpressa 

Rl 

SI 

F2 

Ruhus parviflorus 

Rl 

SI 

FI 

*Rubus idmifoliits 

Rl 

SI 

FI 




Herbs 


Acaena novae-zealandii 

SI 

FI 

*AnagalHs arvensis 

SI 

FI 

Apiiun prostratum 

SI 

FI 

*Arctotbeca calendula 

SI 

F2? 

* Cakile maritima 

SI 

FI 

Centaurium spicatum 

SI 

FI 

*Cerastium glomeratum 

SI 

FI 


Table 6 amiinued next page (see legend on page 202) 
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Obligate seed regenerators t 


Obligate regrowth regenerators t 


(from seed or spore or 

propagules only) 


(by regrowth only) 



Regen. 

First 


Regen. 

First 


Strategy 

Flowering 


Strategy 

Flowering 

*Car(Iutis tenuifolius 

SI 

FI 

Ferns 



*Cirsium vulj^are 

SI 

FI 

Lindsaea linearis 

R1 

F2 

*Conyzo hottariensis 

SI 

F2? 




*CrassuUi dectimhefis 

SI 

FI 

Lilies & irises 



* ” sieheriana 

SI 

FI 

Chanuiescilla corvmbosa 

T1 

FI 

*Cymbonotits priessiana 

SI 

FI 

Dianella hrevicatdis 

T1 

FI 

Convolvulus emhescens 

SI 

FI 

Hypoxis glabella 

Cl? 

FI 

Cyn oglossum suu veolens 

SI 

FI 

Lumandra fdiformis 

T1 

FI 

DauciLS glnchidautta: 

SI 

FI 

" micrantha 

T1 

FI 

Dichomira repens 

SI 

F2 

Wunnbea dioica 

T1 

FI 

*Dittrichia graveolens 

SI 

FI 




Euchium sphaericivi 

SI 

FI 

Sedges & rushes 



*GtiIium (livaricalum 

SI 

FI 

Gahnia radula 

R1 

F2 

* " murale 

SI 

FI 

Isolepis marginata 

R1 

FI 

Geranium solanderi 

SI 

FI 

" nodosa 

Rl 

FI 

Gonocarjnts tetragvnus 

SI 

FI 

Juncus pallidus 

R1 

FI 

Hydrocotvle hirta 

SI 

F2 

Lepidosperma gladiatum 

Rl 

F2 

*\felilolus spp. 

SI 

FI? 

SchoeniLS apogon 

Rl 

FI 

Opercularia varia 

SI 

FI 

Orchids 

Caladenia laiifolia 



*Polycarpon tetraphyllum 
Parietaria dehilis 

SI 

SI 

F2? 

F2 

Tul 

FI 

Rumex hrownii 

SI 

FI 

Coiy has incurvis 

Tul 

FI 

Sehaea ovaia 

SI 

F2 

Cyrtostylis renifonnis 

Tul 

FI 

Scacvola alhida 

SI 

F2 

Microtis unifolia 

Tul 

FI 

Scutellaria humilis 

SI 

F2 

Pterosfylis alata 

Tul 

FI 

*Senecio elegans 

SI 

FI 

Herbs 



" hispiduliLi 

SI 

FI 

T1 

FI 

odoratiLS 

SI 

FI 

Drosera peltata var. auriculata 

*Solamun doiifilasii 

SI 

FI 

" peltata 

Tl 

FI 

*Sonchu.'s oleraceus 

SI 

FI 

*Hypocboeris radicata 

Rl 

FI 

*Stellaria media 

SI 

FI 




Telragom implexicoma 

SI 

FI 




ThrelkeUia diffusa 

SI 

F2 




Viola hederacea 

SI 

FI 




*Vicia saliva 

SI 

F3? 




Wahlenhergia graedema 

SI 

FI 




" stricla 

SI 

FI 




Creepers & climbers 






BHlardiera scandens 

SI 

F3 




Cassytha glabella 

SI 

F2 




Carpobrotus rossH 

SI 

F2 




Clemalis microphylla 

SI 

F2 




Swainsona lessertiifolia 

SI 

FI 





Table 6. Regeneration strategies and flowering of sand dune communities 1-3 years after fire. Key: 
Regeneration strategy/year—SI = germinated from seed year I; S2 = germinated from seed year 2; S3 = 
germinated from seed year 3; Rl= regrowth from rhizomes year 1; R2 = regrowth from rhizomes year 2; 
Tl= regrowth from tubers year 1; Tu = regrowth from tuberoids year I; LI = regrowth from lignotubers 
year I; St I = regrowth from stems year 1; Cl = regrowth from conns year I; RStI = regrowth from rhizostolons 
year 1; Rsk 1 = regrowth from root suckers year I. Flowering/year—FI = first flowered year I; F2 = first 
flowered year 2; F3 = first flowered year 3; "SIFI in unbunit areas; *introduced species. ^Temiinology 
follows Purdie (1977a, 1977b). Seed is used to mean both seeds and spores. 
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Obligate seed regenerators ^ 


Facultative regrowlh regenerators * 


(from seed or spores or propagules only) 


(by regrowth, and from seed or propagules) 



Regeneration 

First 


Regeneration 

First 


Strategy Flowering 


Strategy 

Flowering 

Mosses 



Trees 




Barhula calycina 

S3 

F3 

Eucalyptus obliqua 

LI 

SI 

7 

Bnwn spp. 

S3 

F3 

" ovata 

LI 

SI 

7 

Campylopus clavatus 

S3 

F3 





" iturojlexus 

S3 

F3 

Tall shrubs 




Ceraloilon puipureus 

S2 

F2 

Leptospermum continentale 

LI 

SI 

F2 

Funaria hygrometrica 

SI 

FI 

" lanigcrum 

Ll 

SI 

F2 

Polytrichum juniperinum 

S3 

F3 

Melaleuca squarrosa 

LI 

SI 

F2 




Viminaria juncea 

Ll 

SI 

F2 

Lichens 







Cladia aggregula 

S2 

F2 

Shrubs 







Banksia margmata 

Ll 

SI 

7 

Liverworts 



Leucopogoti australis 

Ll 

SI 

F2 

Cephaloziella exilijiora 

S2 

F3 

" virgatus 

Ll 

S2 

F2 

Hyalolepkhziu longiscypha 

S2 

F2 





Kurziu compucta 

S2 

F2 

Ferns & allies 



FI 

Lelhncolea pansa 

S3 

F3 

Centrolepis aristata 

R1 

SI 

Marchanlia herteroana 

SI 

FI 

" strigosa 

R1 

SI 

FI 




Gleichenia dicarpa 

R1 

SI 

F2 

Fungi 







Gerronema postii 

SI 

FI 

Water plants 






Triglochin procera 

R1 

SI 

7 

Shrubs 



Villarsia reniformis 

R1 

SI 

FI 

Acacia verticillata 

SI 

FI 





Comespenna ericinum 

SI 

F2 

Lilies & irises 



FI 

Epacris ttnpressa 

SI 

FI 

Patersonia fragilis 

R1 

S2 

'' obtusifolia 

SI 

F2 

" occidentalis 

RI 

S2 

FI 

Goodenia ovata 

SI 

FI 

Xantliorrlioea minor 

Stl 

SI 

FI 

Hihhertia fasicularis var. prostrata S1 

FI 

Xyris operculata 

Rl 

SI 

FI 

Ozothamnus rosnuirinifolius 

SI 

F2 





Pimelea ftava 

SI 

F2 

Grasses 



FI 

Pultenaea dentata 

S2 

F2 

Deyeuxia densa 

Rl 

SI 

" stricta 

S2 

F2 

quadriseta 

Rl 

SI 

FI 

Sphaerolobium vhuineum 

S2 

F2 

Microlaena stipoides 

Rl 

SI 

FI 

Sprengelia incaniaia 

SI 

FI 

Phragmites australis 

Rl 

SI 

FI 

Tetratheca ciliala 

SI 

FI 

Poa morrisii 

Rl 

SI 

FI 




Tctrarrhena acuminata 

Rl 

SI 

FI 

Grasses 







Agrostis avenacea 

S2 

F2 

Herbs 



FI 



Centella cordifolia 

Rl 

SI 

Herbs 



Goodenia Itumilis 

Rl 

SI 

FI 

Acaena novae-zelandiae 

SI 

FI 

" lanata 

Rl 

SI 

FI 

*Centarium spicatum 

SI 

FI 

Lagenifera gracilis 

Rl 

SI 

FI 

Galium binifolium 

SI 

F2 

Selliera radicans 

Rl 

SI 

FI 

" gaudichaudii 

SI 

F2 





Gonocarpus micranthus 

SI 

F2 





" tetragynus 

SI 

FI 





Euchiton sphaerictts 

SI 

FI 





Mitrasacme pilosa 
Opercularia varia 

SI 

SI 

FI 

FI 

Obligate regrowth regenerators ^ 


Poranthera microphxlla 

SI 

FI 

(by regrowtn only) 


First 

Viola cleistogamoides 

SI 

F2 


Regeneration 

Xanthosia dissecta 

SI 

F2 


Strategy 

Flowering 

" piisilla 

SI 

F2 





Creepers & climbers 



Fenis & allies 



F2 

Billardiera scandens 

SI 

F3 

Lycopodium laterale 


Rl 

Cassxtha glabella 

SI 

F2 

Schizaea fistulosa 


Rl 

F2 

" mehmtha 

SI 

F2 

Selaginella uliginosa 


Rl 

F2 


Table 7 coiuinued next page (see legend on page 204) 
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Obligate regrowth regenerators' 
(by regrowth only) 

Regeneration 

Strategy 

First 

Rowering 

Sedges & rushes 

Baumea acuta 

R1 

FI 

juncea 

RI 

FI 

tetraf^ona 

R1 

FI 

Cyperus tenellux 

Rl 

FI 

Empodisma minus 

RI 

F2 

Gafmia radula 

Rl 

F2 

sieheriana 

RI 

F2 

" trifida 

Rl 

F2 

Isolepis inundata 

Rl 

FI 

" nutrfiinata 

RI 

FI 

Juncus planifolius 

RI 

F2 

paueijiorus 

Rl 

FI 

Lepidospenna longitudinale 

RI 

F2 

Schoenus apogon 

RI 

FI 

" brevifoHus 

Rl 

F2 

" lepidosperma 

Rl 

F2 

Lilies & irises 

Lomandra longifoUa 

Tl 

FI 

Orchids 

Bumenia cuneata 

Tul 

FI 

Calochilus campestris 

Tul 

FI 

Corybas fordluimii 

Tul 

FI 

Cryptostylis suhulata 

Tul 

FI 

Orthoceras sirictum 

Tul 

FI 

Prasophyllum australe 

Tul 

FI 

Herbs 

Colula coronopifolia 

Rl 

F2 

Drosera peltata ssp. auriculata 

Tl 

FI 

hinata 

Tl 

FI 

glandutigera 

Tl 

FI 

” macrantha 

Tl 

FI 

" peltata 

Tl 

FI 

" pygmaea 

Tl 

FI 

whittakeri 

Tl 

FI 

Lobelia alata 

Rl 

FI 

Samolus repens 

Rl 

FI 

Stylidium perpusillum 

Rl 

FI 

Utricularia lateriflora 

Rl 

FI 


Table 7. Regeneration strategies and flowering of swamp 
communities 1-3 years after fire. Key: Regeneration 
strategy/year—SI = genninated from seed year I; S2 = 
germinated from seed year 2; S3 = germinated from seed 
year 3; Rl=regrowih from rhizomes year I; R2 = re¬ 
growth from rhizomes year 2; Tl =regrowlh from tubers 
year 1; Tu = regrowth from tuberoids year I; LI = re- 
growth from lignotubers year I; StI=rcgrowth from 
stems year 1; RStl = regrowth from rhizostolons year I; 
Rsk I = regrowth from root suckers year I. Flowering/ 
year—FI = first flowered year 1; F2 = first llowered 
year 2; F3 = first flowered year 3. ^Terminology follows 
Purdie (1977a. 1977b). 


By year 10, 57% of the species present at 
years 1-3 and still remaining were capable of 
regenerating vegetatively (Table 9). 

(Hi) Regeneration strategies of dominant shrubs. 
The dominant shrubs Melaleuca squarrosa and 
Leptospermuin continentale, though both FRR 
regenerators, showed a high degree of rootstock 
regeneration producing very few seedlings. At 
subsitc S3, M. squarrosa seedling density at 
year 2 post-fire was <200/ha and no Melaleuca 
seedlings were seen at year 10 post-lire. 

Some seedlings of L continentale established at 
the edge of the swamp in the ccotonc (subsite S4). 

In contrast, the FRR regenerator Viminaria 
juncea regenerated both by regrowth and from 
seed and liowering plants originating by both means 
were seen in the swamp by year 2 post-fire. 

Flowering response after fire 

(a) Coastal dunes (site D; Table 6) 

(i) Response during first spring. There was 
spectacular flowering on the dunes 6-8 months 
after the fire, about 70% of all species which had 
regenerated during year I flowering during the first 
spring (Table 6). 

Most species liowering at 6 months were 
ORR herbs, Hypoxis pusilla, Wurmhea dioica and 
Drosera peltata ssp. auriculata, and orchids. 

Flowering plants of Swainsona lessertifolia were 
the most conspicuous herb on the dunes 7-8 months 
post-fire. Patches of Helichrysum leucopsideum, 
Cynoglossum suaveolens and Pelargonium ino- 
dorum also appeared, llowered, and were not seen 
in later years. 

By 8 months post-fire, 19 grass species (in¬ 
cluding 13 native and 6 introduced species) and 
20 species of introduced weeds (including 10 
members of Astcraccac) were in liowcr. Some 
introduced herbs (eg. Anagallis arvensis) had a 
brief juvenile phase, flowering when only a few 
centimetres high and less than a year old. 

(ii) Orchid flowering. Five species of orchids, 
Caladenia latifolia, Corybas incurvis, Cyrlostylis 
reniformis. Microtis unifolia and Pterostylis alata, 
llowered on the dunes 6-8 months post fire; 
C. latifolia appeared in large numbers and observers 
commented that the flower color appeared more 
intense than in non-fire years. 

Three of the 5 orchid species, Caladenia latifolia, 
Corybas incun'is and Cyrlostylis reniformis, re¬ 
appeared (in reduced numbers) at both 3 and 10 
years post-fire on the first dune (subsite D3). 
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Species present 

Regeneration strategy post-fire 

OSR 

Years 1-3 
FRR 

ORR 

OSR 

Year 10 
FRR 

ORR 

Tall shrubs (1)* 

- 

1 

- 

- 

1 

- 

Shrubs(27) 

20 

7 

- 

13 

6 

- 

Dicotyledon herbs (51) 

44 

8 

3 

18 

- 

- 

Monocotyledon herbs (35) 







Orchids (5) 

- 

- 

5 

- 

- 

3 

Lilies & irises (5) 

- 

- 

6 

- 

- 

2 

Grasses (19) 

5 

14 

- 

1 

6 

- 

Sedges & rushes (6) 

- 

- 

6 

- 

- 

4 

Creepers & climbers (8) 

5 

3 

- 

4 

3 

- 

Ferns(2) 

- 

1 

1 

- 

1 

- 

Non-vascular plants (12) 

12 

- 

- 

4 

- 

- 

Subtotal 

86 

34 

21 

40 

17 

9 

% Total species ^ 

61% 

24% 

15% 

61% 

26% 

13% 

Total species 


136 



66 

i 


Table 8. Regeneration strategies and life form groups of all species appearing in sand dune communities 1-3 years 
post-fire, and still present 10 years post-fire. Key: OSR = obligate seed regenerators; FRR = facultative regrowth 
regenerators; ORR = obligate regrowth regenerators. Tcnninology follows Purdie (1977a, 1977b). *Numbers in 
brackets show total species present years 1-3; ®16 species of non-vascular plants (mosses, lichens, liverworts) 
which appeared after year 3, and were present at year 10, have not been included in these data; ^total species = 
total number of species recorded (quadrat and site data combined). 


{Hi} Grazing and seed hairesting. Grasses grew 
and flowered prolifically during the first spring, 
especially in the deep ash at subsite D2. Intensive 
seed harvesting of Poa poiformis, Slipa jlavescens 
and S. semibarbata by introduced house mice, 
Mas miisadus, was observed at this subsite at 8- 
10 months, but not during later years when growth 
and (lowering of grasses was less luxuriant. 

Grazing of orchids and some herbs and grasses 
by European rabbits, Oiyciolagus cuniculus, also 
occurred from years 1-10. Many of the hundreds 
of Caladenia lalifolia and Corybas incutvis which 


appeared at subsite D3 during year 2 were grazed 
both before and after flowering. Selective grazing 
of the grass Agrostis billardieri also occurred during 
years 1-10. During the 10 years post-fire, digging 
by rabbits often appeared to prevent seedling 
establishment on the top of the dunes. 

(iv) Flowering of dominant shrubs. Flowering of 
resprouting Melaleuca lanceolata and Leucopogon 
parvifloriis shrubs first occurred during year 3 
post-fire. Little seed set was observed at this time. 
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Species present 
Regeneration strategy post fire 

OSR 

Years 1-3 
FRR 

ORR 

OSR 

Year 10 
FRR 

ORR 

Trees (2)* 

- 

2 

- 

- 

2 

- 

Shrubs(19) 

12 

7 

- 

10 

7 

- 

Dicotyledon herbs (31) 

14 

5 

12 

3 

- 

2 

Monocotyledon herbs (33) 







Orchids (6) 

_ 

_ 

6 

- 

- 

- 

Lilies & irises (4) 

- 

3 

1 

- 

3 

1 

Grasses (7) 

1 

6 

- 

- 

1 

- 

Sedges & rushes (16) 

- 

- 

16 

- 

- 

10 

Creepers & climbers (2) 

2 

- 

- 

1 

- 

- 

Ferns (7) 

- 

4 

3 

- 

1 

- 

Water plants (2) 

- 

2 

- 

- 

1 

- 

g 

Non-vascular plants (14) 

14 

- 

- 

7 

- 

- 

Subtotal 

43 

29 

38 

21 

15 

13 

% Total species ^ 

39% 

26% 

35% 

43% 

31% 

26% 

T ^ 1 S 

Total species 


110 



49 



Table 9. Regeneration strategies and life form groups of all species appearing in swamp communities 1-3 years 
post-fire, and still present 10 years post-fire. Key: OSR = obligate seed regenerators: FRR = facultative regrowth 
regenerators; ORR = obligate regrowth regenerators. Terminology follows Purdie (1977a, 1977b). *Numbers in 
brackets show total species present years 1-3; species (mosses, lichens, liverworts) which appeared after 

year 3, and were present at year 10, have not been included in these data; ^total species = total number of 
species recorded (quadrat and site data combined). 


In contrast, flowering of exotic shrubs such as 
*Chrysanthcmoides monilifera spp. monilifera and 
*Polygala myrtifolia occurred by year I and was 
often accompanied by .seed set. 

(b) Swamp thicket (site S; Tables 7, 9, Fig. 4) 

(i) Response during first spring. About 60% 
of the swamp species which regenerated during 
year 1, llowcred that year (Table 7). Many were 


ORR or FRR herbs, including Drosera binata and 
Utricidaria lateriflora which both flowered, at 
wet sites, by 2 months and at drier swamp sites 
from 4-12 months. 

The tall yellow eye Xyris operculata, some 
sedges, Baumea jimcea and Schoenus brevifolius, 
the comb fern Schiiaea fistidosa, and the marsh 
flower Villarsia reniformis, all flowered at 6-8 
months, along with six species of orchids, and 
several other species of Drosera. 
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Herbs of the swamps which flowered during 
the early summer included Lobelia alaia, Samolus 
repens and Cotula coronopifolia. 

Most of the 16 species of sedges or rushes 
present tlowcred in the first or second year post- 
firc. Few grass species were present, compared 
with the dune communities and no spectacular 
fiowermg of grasses was observed at year 1. 

(ii) Orchid flowering. The orchid species, Burnellia 
cuneata, Calochilus campesiris, Coryhas ford- 
hamii, Cryptostylis suhulala, Orthoceras strictum 
and Prasophylliim australe. flowered at 6-8 months, 
in closed scrub or the swamp ecotonc. 

About 100 plants of the rare Biirneitia cuneata, 
not previously recorded in the district, appeared and 
flowered in the ecotone (subsite S4) at 7 months. 
None of these plants appeared to set seed. Two 
plants appeared at the same subsite at year 2, and 
none in subsequent years. 

Observations suggest that the density of llowcr- 
ing of some swamp orchids, Brasophylluin australe, 
Calocliilis campestris and Corybas fordhamii, was 
greater the year after the fire than in normal years. 
In one damp swamp ecotone near the Anglesea 
River, thousands of plants of Microtis atrata 
appeared and flowered at 7 months. Time of 
flowering was also affected by moisture levels in 
the swamps. In damp sites P. australe flowered at 
6 months post-fire, whiLst in drier areas flowers 
did not appear until 10-11 months post-fire. 

With the exception of Cryptostylis subulata, no 
species of orchids were seen after year 2 post-fire. 

(Hi) Grazing. Grazing of shrubs and herbs of 
the swamp ecotonc and swamp by black wallabies, 
Wallabia bicolor, was observed from year 3 
onwards. 

f/'vj Flowering of dominant shrubs and trees. 
Flowering of most shrubs, including the dominant 
species Melaleuca septarrosa and Leptospermum 
continentalc, occurred during the second year post- 
llre. The only species which had not flowered by 
year 3 was the swamp gum. Eucalyptus ovata, 
which flowered and .set seed between 4-7 years 
post-fire. 


DISCUSSION 
Species richness post-fire 

This study has shown that the Melaleuca scrub 


communities of both the coastal dunes and the 
river valleys of the Anglesea district were, in 
general, resilient to a severe single summer surface 
wildfire, confirming the observations of Specht 
et al. (1958) and Gill (1975, 1981) for other dry 
sclerophyll communities in southern Australia. 

The regeneration patterns described comply with 
the ‘initial floristic composition’ models of Eglcr 
(1954) and Purdic & Slatyer (1976) as all species 
of vascular plants present prior to the fire re¬ 
established during the first three years post-fire; 
and no additional species appeared between 3 and 
10 years post-fire. 

The species richness of vascular plants in both 
dune and swamp communities decreased with time 
post-fire as reported for heath and heath woodland 
communities in other parts of Australia (Specht 
et al. 1958) and as previously described for the 
heaths, heath woodlands and open forest com¬ 
munities of the Anglesea area (Wark el al. 1987; 
Wark 1996, 1997). In contrast, the species richness 
of non-va.scular plants either stayed constant or 
increased with time post-fire and a floristic change 
was also ob.scrvcd. Similar changes have also been 
observed in the heaths, heath woodlands and forest 
communities near Anglesea (Wark ct al. 1987; Wark 
1996, 1997). 

In both swamp and dune communities, sclero- 
phyllous shrubs became increasingly dominant 
with lime, and species richness of the undersiorcy 
decreased as the overstorey canopy cover (shrub 
cover) increased, as reported for heath woodlands 
in Australia (Specht & Morgan 1981; Specht Sc, 
Specht 1989; Wark 1996). 


Structure recovery post-fire 

The rate of recovery of vegetation structure on the 
dunes probably reflects the intensity of the fire 
and local climate, moisture, and competitive factors 
post-fire. 

Tire low post-fire viability (20%) of Leucopogon 
parviflorus shrubs on the landward dunes reflects 
both the extreme heat of the fire (as fire-scarred 
lignotubers of L parviflorus did not regenerate), 
and competition for light, moisture and nutrients 
by vigorous resprouters (Pteridium escidentutn, 
Gahnia radula and Muehlenbeckia adpressa) and 
rapidly growing seedling shrubs such as Acacia 
longifolia van sopliorae. On a cliff lop near 
Aireys Inlet, where little or no Pteridium, Gahnia, 
Muehlenbeckia or Acacia was present, recovery 
rate of L. paniflorus shrubs of similar girth was 
>75%. 

The slow rcgrowlh recovery of M. lanceolata 
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shrubs on the lee side of the dunes (80% of pre- 
fire height and cover by year 10) may refiect the 
drier conditions there and also explain the low 
level of M. lanccolata seedling survival after 
10 years. Competition from the large shrub.s, 
Myoporum insttlare and Acacia longifolia var. 
sophorae. may also have affected rates of 
M. lanceolala regrowth and seedling survival. 

In the Melaleuca lanceolata-Leucopogoii parvi- 
floriis open heath of the seaward dune, death of 
young M. lanceolala rcgrowth occurred 2-3 times 
during the early years post-fire, following prolonged 
on-shore winds. Parsons & Gill (1968) and Parsons 
(1979) showed that chloride toxicity from salt 
spray caused stunting of coastal heath and scrub 
at Pillar Point, Wilsons Promontory National Park, 
Victoria; similar effects were .seen in coastal heath 
at Point Addis, east of Angic.sea, where young 
regrowth of Leplospermtim myrsinoides, Monotoca 
scoparia and Eucalyptus obliqua was killed (Wark 
et al. 1987; Wark 'l996). 

The rapid structural and lloristic change observed 
3-5 years post-fire when A. longifolia var. sophorae 
shrubs began to dominate the open scrub of the 
landward dunes is similar to that observed during 
A. longifolia var. sophorae invasion of coastal 
heathland at Deans Heath, western Victoria 
(McMahon et al. 1996). Both there and in the 
present study, invasion by this vigorous species 
resulted in apparent elimination or supression of 
other shrub and herb species within 10 years, 
probably due to competition for light, nutrients, 
moisture and space. 

It has been observed (Clarke 1994) that both 
the floristics and structure of dune communities 
may be modified and simplified by fire frequency. 
Such modification has occurred at Urquhart Bluff 
about 1.5 km west of the dune site, where a .series 
of three dune fires within 10 years during the 
1980s resulted in simplification of the Melaleuca 
lanceolata-Leucopogon parvijlorus coastal heath 
and loss of most of its sclerophyllous component 
with a major change in floristics (M. D. White, 
pers. comm.). The modified community on the sea¬ 
ward dune is now largely dominated by introduced 
grasses and herbs and Pleridiutn escidentum. 

Recovery rates in Melaleuca squarrosa closed 
scrub of the swamps were the same at all sites 
monitored, the greater height of the stands al 
Edwards Creek reflecting the presence of permanent 
rather than semi-permanent streams. 

The structural and floristic change seen when 
small in-ground fires occurred within the M. 
squarrosa clo.sed scrub, shows that these swamp 
communities are not totally resilient to fire, and 
that vegetation recovery may take many years. 


Regeneration strategies 

The high degree of vegetative regeneration (61%) 
seen in the swamp communities is similar to that 
reported for the heaths, hc.ath woodlands and dry 
sclerophyll open-forest of the district following 
wildfire (Wark cl al. 1987; Wark 1996, 1997), and 
for other heaths and dry sclerophyll woodlands in 
southern Australia (Gill & Groves 1981; Spccht 
1981). 

Although the dominant shrubs of the swamps 
(Melaleuca squarrosa-Leptospermum continentale) 
and of the dunes (Melaleuca lanceolata-Leuco- 
pogon parvijlorus) and were all FRR regenerators, 
sprouting was the main post-fire regeneration 
strategy observed. Few of the many seedlings 
(<2.0%) produced by M. lanceolala on the lee side 
of the dunes survived to year 10; and seedling 
production by Leucopogon pairiflorus, Melaleuca 
squarrosa and Leptospennum continentale was rare. 

In contrast to the swamp communities, 
regeneration from seed was the main post-fire 
regeneration strategy on the dunes, where 60% of 
species were O.SR regenerators. 

The high proportion of both introduced and 
‘environmental weed’ species (as defined by Carr 
1993) on the dunes is not unexpected considering 
the proximity to the Great Ocean Road and the 
Angicsea township. It is well documented that 
weeds may be spread by motor vehicles (Clifford 
1959) as well as by water, wind, soil, birds, 
animals and man. Most of the shrubs on the 
dunes defined as ‘environmental weeds’ were OSR 
garden escapes of either exotic, *Chiysantheinoides 
monilifera var. moniUfera and *Polygala myrtifolia. 
or indigenous origin, Leptospennum laevigatum and 
Parasieranthes lopantha, present outside their 
natural range (Parsons et al. 1977; Barson & Calder 
1981; Carr 1993). Others, such as Acacia longifolia 
var. sophorae, were indigenous species of the 
coastal complex (Parsons et al. 1977; Barson & 
Calder 1981), which Carr (1993) considers may, 
under certain circumstances, become ‘ecologically 
out of balance’. 

It is known that all these species can establish 
on low nutrient soils and may eliminate smaller 
native species through competition (Parsons 1973). 


Flowering response post-fire 

The spectacular flowering of grasses, lilies, orchids 
and herbs seen on the dunes during year I is 
similar to that observed post-fire in heaths and 
heath woodlands in southern Australia (Specht 
el al. 1958; Gill 1981) and in the Anglesea area 
(Wark et al. 1987; Wark 1996). 
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The appearance of the rare lizard orchid 
Biimeilia cimeata (Gullan et al. 1990) in the 
swamps of the Anglesea River post-fire confirms 
observations (Meredith 1986; McMahon et al. 1990; 
Carr et al. 1995) of the fioristic uniqueness of 
these Melaleuca swamp communities (Australian 
Heritage Commission 1993). Management strategies 
are required to prevent degradation of these swamps 
by off-road vehicles, which introduce environmental 
weeds and accelerate the spread of water- and 
soil-borne plant pathogens such as Phytophihora 
cinnamomi (Wcste 1974; Carr et al. 1995). 


Phytophthora cinnamomi 

Earlier studies have shown that P. cinnamomi is 
present in the heaths and heath woodlands adjacent 
to the Anglesea .swamps (Wark el al. 1987; Wark 
1996). Extensive infestation could possibly result 
in elimination of sclerophyllous OSR shrub species 
of the swamp, such as Sprcngelia incarnala, and 
a change in the species richness and diversity of 
the swamp communities. However, recent long¬ 
term studies by We.ste (1997) and Wcste & Kennedy 
(1997) in the Grampians, Wilsons Promontory and 
Brisbane Ranges National Parks, indicate that 
pathogen incidence may vary over a 20-30-year 
period and that a decline in P. cinnamomi 
distribution may be accompanied by regeneration 
of susceptible OSR species, if seed is available. 


Environmental weeds 

The prolific germination of the fire-sensitive OSR 
shrub species ^Cltrysanlliemoides monilifera ssp. 
monilifera (boncsecd), * Polygala myriifolia (Myrtle- 
leaf milkwort), Leptospermum laevigaiiim (coast 
tea-tree) and Acacia longifolia var. sopltorae (coast 
wattle) in the first year post-fire supports previous 
findings that fire may stimulate seedling establish¬ 
ment and spread of these ‘environmental weeds’ 
(Burrell 1981; Weiss 1984; Weiss & Milton 1984; 
Wark et al. 1987; Molnar et al. 1989; Carr 1993). 
Post-fire field observations showed an increase in 
range and density of all four species on the dunes; 
and some invasion of coastal heathland by 
boncsecd, coast tea-tree and coast wattle; and 
of gullies and slumps clo.se to the coast by 
Myrtle-leaf milkwort (M. D. White, pers. comm.k 
Inland, the range of *Cluysanlliemokles monilifera 
ssp. monilifera increased following the fire, 
seedlings appearing in isolated areas away from 


pre-existing plants, roads or settlements (Wark 
et al. 1987), including heath woodland and dry 
scicrophyll forest communities. It has been shown 
that boncsecd may be dispersed by both native 
and exotic birds including roscllas {Platycercus 
elegans), pied currawongs (Strepa gracidina) and 
blackbirds fTurdus merida) (Weiss & Noble 1984a, 
1984b; Dodkin & Gilmore 1985; Lane 1985) and 
our observations would support this. 

A decrea.sed incidence of fire since the time 
of European settlement may be responsible for 
the spread of ‘environmental weeds’ such as 
Leptospenniim laevigalum and Acacia longifolia 
var. sopltorae into hcathlands (Burrell 1981; 
McMahon et al. 1996). Both are fire-.sensitive 
species which may be eliminated by consecutive 
fires at short intervals and a decrease in fire 
frequency would allow their establishment, seed¬ 
ing and invasion (Burrell 1981; McMahon et al. 
1996), with subsequent suppression of native 
species. This supression may occur quite rapidly. 
Recently, McMahon et al. (1966) showed that 
invasion of coastal hcathlands by Acacia longifolia 
var. sopltorae occurred within a fire-free period of 
less than 10 years. Major structural modifications 
occurred in the invaded hcathlands within 3-5 
years; and fioristic changes, resulting in a 60% 
drop in apparent species richness, within 10-15 
years, with dominants such as Banksia marginata 
decreasing in abundance. 

Such fioristic and structural changes which 
follow invasion of hcathlands by ‘environmental 
weeds’ may, in part, be reversed by elimination pf 
these weeds by fire. However, in Sandringham, 
Victoria. Molnar et al. (1989) showed that, though 
the fire may be used to reverse Leptospermum 
laevigatum invasion of hcathlands after 70 years 
(resulting in the return ol a significant subset of 
plants, from soil-stored seed), no regeneration of 
the three dominant shrubs of area, Allocasuarina 
pusilla, Banksia marginata and Leptospermum 
myrsinoides, occurred in the absence of an adjacent 
seed source, with subsequent changes in vegetation 
and species richness. 

Because ‘environmental weed.s’ such as *C. ntoni- 
lifera ssp. monilifera, *P myrtifolia, L. laevigatum 
and A. longifolia var. sopltorae arc all lirc-sensitive 
OSR species, their spread may be controlled by 
pre.scribcd burning (Burrell 1981; Weiss 1984, 
1986; C.arr 1993; McMahon et al. 1996). There is 
urgent need to implement environmentally appro¬ 
priate control programmes, including biological 
control, use of herbicides and prescribed burning, 
to further reduce the spread of these four species 
of weeds in the Angle.sea Aireys Inlet region and 
protect its local fiora. 
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Peat fires 

The Melaleuca squarrosa-Leptospermum conli- 
nentale closed scrub on the Anglesea River, Salt 
Creek and their tributaries, is one of the largest 
of such swamp communities in Victoria, and 
contains several rare species including Uurnetlia 
cuneala, Corybas fordhamii and Pimelea flava 
(Carr et al. 1995). 

The soils of the river valleys are humus-rich 
and in-ground (peat) fires have occurred in the 
past both on the Salt Creek (Gill 1993; White 
1994) and on the Anglesea River (G. Carr, pers. 
comm.; M. D. White, pers. comm.) causing major 
changes in hydrology and vegetation structure and 
floristics. 

In 1980, a wildfire ignited the peat in a 1.5-ha 
strip of M. squarrosa closed scrub on the Salt 
Creek in the Angahook-Lome State Park about 
5 km west-north-west of Anglesea. It burnt for 
several months destroying all above-ground and 
in-ground vegetation and the soil .seedbank, 
leaving a red ’burnt’ peat’. A succession of ‘fire 
mosses’ colonised the area in the early years post¬ 
fire, including Funaria bygrometrica, Ceratodon 
purpureus and Polytrichum juniperinuin, and a few 
shrubs, mainly species with windborne seed (eg. 
Olearia phlogopappa), appeared at the edge of the 
‘burnt peat’ during years 2 and 3 (White 1994). 

The area was liurnt a second time by the Ash 
Wednesday wildfire (1983), incinerating all above¬ 
ground vegetation. The creek cut a new course 
through the ‘burnt peat’, and some which was 
washed away. Seedlings of Eucalyptus ovata and 
E. aromaphloia appeared in damper areas and 
seedlings of AUocasuarina litoralis throughout 
the site. Patches of uncolonised ‘burnt peat’ still 
remained. 

Fifteen years after the second fire, the area has 
become a Eucalyptus woodland dominated by trees 
of Eucalyptus ovata and E. aromaphloia. Patches 
of uncolonised red ‘burnt peat’ still remain and the 
area appears drier than in 1980. The ground has 
sunk and much of the ‘burnt peat’ has been washed 
away (Gill 1993). 

Similar changes in vegetation structure and fior- 
istics occurred in a gully near Aireys Inlet where, 
in 1983, a peat fire developed and destroyed a 
Eucalyptus ohiiqua, Cyathea australis, Prostanthera 
lasianthos gully community (Wark 1997). Here 
the gully species were replaced by a woodland of 
E. ohiiqua and E. willisii which germinated from 
seed shed onto the site post-fire. Few understorey 
plants were present 14 years after the fire, and, 
as at Salt Creek, the hydrology of the area changed. 


and the site appears drier than in the past (Wark 
1997). 

Though no peal fires of any size established in 
the Melaleuca squarrosa swamps of the Anglesea 
River and Salt Creek following the 1983 wildfire, 
the occurrence of small (20 m’) in-ground fires on 
drier parts of the M. squarrosa thickets, with 
subsequent death of all above-ground and in-ground 
vegetation and seed stores, indicates that these 
swamp communities are not resilient to such events. 

Almost no recolonisation of these badly burnt 
areas occurred in the 15 years following the fire, 
the only exceptions being a few fire mosses in 
early years and, on one oceasion, a shrub of the 
‘hard-seeded’ swamp species Pultenaea stricta. 

The slow rate of recovery of such areas suggests 
that in these seasonally waterlogged swamps 
recovery from an in-ground fire may take many 
years. 

A mosaic of dense Melaleuca squarrosa swamp 
thicket and open waterlogged sedgeland occurs 
along the Anglesea River. It has been suggested 
that this mosaic reficcts the past fire history of 
the area (G. Carr, pers. comm.), the .sedgelands of 
the mosaic being most recently burnt and the 
M. squarrosa swamp thicket (closed scrub) the 
climax community. 
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Ross (1993)^ 

Authority 

Ross (1996) 

Shrubs 

Acacia sophorae 

Acacia longifolia var. sophorae 


Hihbertia prostrala 

Hihbertia fasciculata var. prostrata 

Herbs 

*lniila graveolens 

*Dittrichia graveolens 

Grasses 

Rytidosperma caespitosiim 

Danthonia caespitosa 


Stipa semiharhata 

Aiistrostipa semibarbata 


Appendix. Nomenclature of vascular plants—name changes since the second paper in this series. '•'Ross 
(1993) and other authorities listed in Wark (1996). 
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THE SNOWY RIVER: A MATURE BARRIER ESTUARY 


J. B. Hinwood' & E. J. McLean^ 

'Department of Mechanical Engineering, Monash University, Clayton, Victoria 3168, Australia 
^Department of Land and Water Conservation, Wollongong, New South Wales 2.300, Australia 

Hi.nwood, j. B. & McLean, E. J., 1999:11:30. The Snowy River: a mature barrier estuary. 
Proceediiiffs of the Royal Society of Victoria 111(2): 215-228. ISSN 0035-9211. 

The 1989 environmental study of the Snowy River estuary is described, with some data 
from later surveys. The study encompassed hydrodynamics, geomorphology and benthic 
ecology. The estuary is a largely infilled embayment, receiving substantial fresh water and 
sediment inflows. The present channels and mouth are formed by floods of return period 
5 or more years, with limited reworking by tidal currents, the currents in the salt wedge being 
too weak to move sand. Longshore drift gradually closes the entrance, reducing the tidal prism. 
Channel sediments are predominantly fluvial sands, with some marine sands, and silts in the 
tidal lagoons. Zones with characteristic geomorphological regimes were defined. 

Maximum salt penetration into the estuary occurs under conditions of low river inflow 
and large entrance depth. The data gathered under these conditions identified a range of 
hydrodynamic and salinity regimes present in the estuary, from well mixed to salt wedge. 
The range of conditions was extended by use of a numerical model. The relationship between 
the biota present and the hydrodynamic and geomorphological zones was demonstrated. 


THE SNOWY RIVER is one of Australia’s largest 
rivers and has great economic and conservation 
values. In 1965 the Snowy Mountains Scheme 
(SMS) commenced diversion of water from part 
of the catchment, affecting low Hows particularly. 
Over the last 15 years there have been development 
proposals for the region, such as wood chipping 
plants, which would require the export of water 
from the Snowy River. Other concerns related to 
the ‘minimum ecologically sustainable river How’ 
have led to recommendations to change the regime 
of water releases from the SMS. 

While the riverine reaches of the Snowy River 
are now receiving their due attention, the estuarine 
reaches have only been studied comprehensively 
in one study (Hinwood et al. 1989; hereafter 
referred to as HWMP). In this paper we review 
the knowledge of the estuarine system, describe 
the main findings of the 1989 survey, and present 
some results of more recently conducted surveys 
and numerical modelling. 

To assess the impacts of proposed developments 
or management strategies is a complex task. 
Simplifications can be achieved by identifying 
estuarine reaches with characteristic features which 
will then show similar responses and which may 
be compared more readily with previously studied 
estuaries. The features considered here are based 
on geomorphology and hydrodynamics, which 
together determine the nature of the habitats and 
hence the biota present. 

Following a general description of the Snowy 
River estuary in the next section, in section 3 the 


data collection of HWMP is outlined. A kinematic 
and transport model of the water movement and 
salinity distribution under conditions of low to 
moderate flow was developed on the basis of this 
study (Hinwood & McLean 1992) and some results 
are given in section 5. These data, model results 
and data from unpublished reports are used to 
classify the hydrodynamic and sedimentological 
regimes of the principal estuarine segments. 


THE SNOWY RIVER ESTUARY: 

GENERAL DESCRIPTION 

The Snowy River rises in the Great Dividing Range 
in southeastern New South Wales. It Hows generally 
southward, entering the Tasman Sea on the north¬ 
eastern coast of Victoria. The catchment of the 
Snowy River is approximately 13 700 square kilo¬ 
metres in area, most of which is uninhabited, 
forested gorge country. For the last 24 kilometres 
to the coast the river passes through rich alluvial 
flats which are subject to periodic inundation by 
the river (see Fig. I). The much smaller Brodribb 
River Joins the Snowy River a few kilometres 
from the sea via the tidal Lake Curlip Just up¬ 
stream from the town of Mario. Closer to the 
sea, Corringle Creek enters, via the tidal Lake 
Corringle. Corringle Creek carries only local and 
flood drainage. 

The maximum water depth in the lower estuary 
at Mario is about 5 m at mean tide (MWL) falling 
to 3.3 m at First Island and shoaling upstream. 
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Deep scour holes have formed at the outside of 
bends (4-6 m at MWL) with point and crossover 
bars as shallow as 1 m. Lake Curlip has a maxi¬ 
mum depth of 2 m and a mean depth of 1 m, 
while Lake Corringle has a maximum depth of 
1.4 m at its mouth and a mean depth of 0.7 m. 

While rainfall is distributed throughout the year, 
it is heaviest from May to December, in particular 
in September and October. The driest months are 
January to March, although periods of low flow 
may occur at any time throughout the year and 
some of the highest flows on record have occurred 
in these typically drier months. From 1965 the 
runoff from about 15% of the catchment has been 
captured by the Snowy Mountains Scheme (SMS) 
and diverted out of the catchment. Despite the 
small area, the loss of this run off has reduced 
typical and dry weather Hows, the latter quite 
significantly (James 1989; Dr C. Gippel 1998, 
pers. comm.). Fig. 2 (after James 1989) shows the 
percentage of observations for which a given 
monthly mean flow is exceeded pre- and post- 
SMS. The curves differ by a factor of about 4 
most of the time, but converge for occurrences 


<3%, ie. for months in which large floods 
occur. All hydrographic statistics used here are 
for post-SMS conditions. 



Fig. 2. Snowy River—flow-duration analysis for 
monthly-mean flows at J.arrahmond (Jame.s 1989). Upper 
line pre-SMS; lower line post-SMS. 
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The coast at the mouth of the Snowy River 
trends east-west and is exposed to waves from the 
sector east-south-west. Because of the limitations 
of fetch, extreme storm waves are likely to 
result from southeasterly storms, but the greater 
frequency of storms from the south-west leads to 
a dominant sand transport from the west towards 
the cast. At nearby Lakes Entrance, the first author 
has previously calculated the same pattern with a 
net west to cast transport in the order of 100 000 
cubic metres of sand per year which he confinned 
from dredging records at the entrance. 

Cross-sections of the tidal Snowy, upstream of 
the Little Snowy River, from 1936 to 1988 (Rural 
Water Commission 1988; hereafter referred to as 
RWC) show the generally stable and regular form 
of the river channel. Bed sediment analyses at 
several stations show that the bed is predominantly 
sand with a median diameter falling from medium 
sand near Orbost (18 km from the mouth) to fine 
sand near Mario (2 km from the mouth). 

Except for the rare occasions when the entrance 
to the sea is closed, tides penetrate the estuary as 
far upstream as Orbost. At times of low to moderate 
river discharge the ebb and flood flows provide 
the dominant water movement in the estuary. At 
these times, salt water from the sea penetrates 
inland about 8 km but is believed to penetrate 
very much further under drought conditions. At 
times of fresh or flood Hows in the Snowy River, 
the river flow dominates, particularly in the 
upstream reaches. 

The entrance, which from time to time is scoured 
by Hood flows, is closed progressively by longshore 
sand movement. Tidal Hows into and out of the 
estuary arc restricted by this reduced entrance 
section, thus reducing the intensity of tidal mixing 
in the estuary. The conditions of moderate river 
flows, relatively large channel cross-sections and 
relatively weak tidal mixing are ideal for the 
formation of an estuarine salt wedge, A salt wedge 
is observed under dry-weather river flow conditions 
in the upper part of the Snowy River estuary but 


a more complex hydrodynamic regime occurs in 
the lower part of the estuary, due to flows into 
and out of the two major branches—the Brodribb 
River and Corringle Creek. 


THE SNOWY RIVER SURVEY 

The 1989 environmental study of the Snowy River 
estuary conducted by HWMP has not been 
described in the scientific literature and results are 
available only in the report of the now defunct 
Department of Water Resources Victoria. The study 
was commis-sioned as a low cost but broad scope 
investigation of the estuary to identify environ¬ 
mental issues within the estuary and to assist 
staff of the department to determine the minimum 
environmental flow. Components of the study 
were hydrodynamies, geomorphology and benthic 
ecology. 

A survey was conducted on II January 1989 
by the principal investigators, comprising a low 
altitude aerial inspection of the whole estuary, a 
‘snapshot’ of measurements of water temperature 
and salinity throughout the main estuary, pre¬ 
liminary inspection of the principal sediment 
deposits, and establishment of the transects for 
benthic sampling. The marine ecological investi¬ 
gations were conducted simultaneously with this 
survey. 

An intensive collection of hydrodynamic data 
was undertaken from 24 to 26 January 1989. It 
included tempcrature/salinity/velocity (TSV) pro¬ 
filing over a tide cycle at the four scctiofis shown 
in Fig. 1. Additional temperaturc/salinity profiles 
were taken in conjunction with longitudinal echo 
sounder profiles, which were used to identify 
salinity structures. Four tide recorders were 
deployed for the study and additional staff gauges 
were read opportunistically to provide inlonnation 
on tidal range; Fig. 1 shows stations and Table I 
shows the tidal ranges recorded on 25 January 
during the survey. 


Parameter 

Ocean tide 
Eden forecast 

Measured 
Snowy River 

1.3 km 

Measured 
Snowy River 
9.7 km 

Measured 

Lake Corringle 

4.7 km 

Measured 
Lake Curlip 
10.9 km 

LW height (m) 

0.400 

0.568 

0.120 

0.272 

0.258 

LW time (hours) 

0340 

0540 

0624 

0604 

0706 

HW height (m) 

1.400 

1.283 

0.777 

0.937 

0.894 

HW time (hours) 

1008 

1158 

1226 

1330 

1416 

LW height (m) 

0.200 

0.545 

0.138 

0.326 

0,314 

LW time (hours) 

16.30 

1922 

2024 

19.58 

2100 

HW height (m) 

1.000 

1.062 

0.545 

0.711 

0.668 

HW lime (hours) 

2301 

0100 

0040 

0142 

0236 


Table 1. Tidal range data, 2.i January 1989 (from HWMP). Times in EST; height datum arbitrary except for Eden. 
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January is normally one of the driest months of 
the year, and this was no exception, with the Snowy 
River discharge falling from a flood peak of 
154 000ML/day in November 1988 to 1060 ML/ 
day for the survey and the preceding week, while 
the discharge in the Brodribb River was about 
140 ML/day. 


SNOWY RIVER ESTUARY: 

GEOMORPHOLOGY AND SEDIMENTARY 
PATTERNS 

The geological evolution of the estuary is dependent 
on the inllux of sediment from two sources: fluvial 
transport from the catchment and tidal transport of 
nearshore sands through the tidal delta adjacent to 
the mouth. The latter is restricted in area because 
of the moderate tidal range and relatively small 
upstream tidal prism. The primary mechanism 
for supply of sediment to the estuary appears to 
be the flux of riverine sand and mud which 
accompanies Uuvial flood Hows. Under prolonged 
low river flow the entrance channel constricts due 
to shoals and may even close. Closures have been 
recorded both pre- and post-SMS. 

The Snowy River estuary has formed in the 
former embayment caused by the drowning of the 
lower reaches ot the Snowy and Brodribb rivers 
by interglacial sea levels. The coastal embayment 
was probably initiated during late Tertiary-early 
Pleistocene times when the lower sea level 
associated with glacial maxima caused the Snowy 
River to entrench (Hills 1951). Eustatic changes 
over the Pleistocene would have resulted in suc¬ 
cessive drowning associated with delta progradation 
into the embayment interspersed with incision 
and reworking of Buvial and marine sediments by 
the river during lower sea levels. The Holocene 
transgression which began some 17 000 to 20 000 
years BP and reached its present position some 
6000 years BP would, therefore, have drowned a 
complex embayment with remnants of previous 
interglacial marine and alluvial deposits modified 
by riverine processes during glacial phases. 

The present estuary now occupies the lower 
sections of the former embayment with the upper 
section being occupied by the Snow'y River 
flowing through an alluvial deltaic plain formed 
by river sediments as they prograded into the 
former estuarine reaches. Inter-tidal environments 
are largely restricted to the lower .section with tidal 
penetration extending into the alluvial fioodplain 
section via the main river channels of the Brodribb 
and Snowy rivers. Lakes Curlip and Corringic are 
the remnants of the much larger drowned estuary. 


Both lake beds comprise marine silts overlain by 
fresh water Phragmites sp. and Melaleuca sp. peaty 
deposits. 

A description of the morphology of the estuary, 
particularly the lagoon system was given by 
McLennan (1972). I le described cores and sedi¬ 
ments exposed by erosion, showing that periods of 
deposition under both freshwater and salt water 
conditions had occurred in the lagoons. Over 
the 60 years prior to 1972 the most significant 
morphological changes were the colonisation of 
some lagoon areas by Phragmites and some 
shoaling of Lake Corringic. Both McLennan and 
RWC describe minor movements of the estuarine 
river channels, being zero at most sections, but 
up to 10 m in 50 years in a couple of places. 
Breakout of Hood Hows from the Snowy River 
channel downstream of Orbost were described by 
Finlayson & Bird (1989). 

A Holocene barrier system, compo.sed of sedi¬ 
ments deposited during the last rise in sea level 
is located across the former bay entrance, forming 
a barrier estuary with a small estuarine entrance. 
Inllux of marine water is largely by tidal flows 
through the constricted entrance. The entrance 
normally remains open, due to the occasional river 
Hoods and tidal currents generated as a consequence 
of the large water surface areas within the estuary. 
This is despite the littoral drift along the coast 
from west to cast which causes the progressive 
defiection of the entrance after the floods break 
out, usually near Mario. Tire presence of washover 
fans adjacent to the estuary mouth reveals another 
but minor mechanism of seawater input. 

Data on the fluvial sediments have been collated 
by RWC and Brizga & Finlayson (1994). The 
bed .sediments in the Snowy and Brodribb River 
estuary have been sampled by HWMP and in 
unpublished reports by students of the Department 
of Mechanical Engineering. Monash University, 
and the Department of Geography, Melbourne 
University. Data from HWMP are given in 
Table 2, supplemented by Monash University data 
from 1993 near the Lakes. (Care should be taken 
in combining data from different surveys as the 
RWC data show variation from survey to survey, 
eg. at Orbost d.so varies from 0.45 to 0.6 mm.) 
Sediment m the e.stuary is predominantly derived 
from the fluvial source and consists of coarse 
angular sand with mica and charcoal fragments in 
varying amounts. The percentage of mud present 
in the sample varies and is greatest in deeper or 
more protected locations where tidal currents were 
not able to substantially rework the sediment. 
Thus the bed sediments in the deeper reach at 
Mario and in the tidal lagoons contained a 
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significant fraction of mud and fine organic 
material. In some cases the sample included two 
subpopulations; lluvial sand which would have 
been deposited during the receding phase of the 
previous flood and finer material (silts and clays) 
transported and deposited over the sands by the 
tidal currents. Marine material, brought into the 
estuary through the entrance by tidal currents and 
waves, is restricted to the tidal delta. This material 
generally contains more rounded grains and is 
better sorted than the fluvial material. 

There was no evidence of an increase in sediment 
load to the estuary in recent years nor of a change 
following the SMS (Brizga & Finlayson 1994), 
although such changes are being documented 
upstream of Orbost. 

The estuary is in a mature stage of its geo- 
morphological development, with broad floodplains, 
cutoff bays and a relatively short tidally-dominated 
segment. It most closely resembles the Barrier 
Estuary type 4c or 4d described by Roy (1984) 


(see Fig. 3C-D). The dimensions of the river 
channels are determined by Hood flows and the 
dominance of river flow in the upper estuary is 
extended into the lower reaches during high 
seasonal discharges or individual fluvial events. 

The classification of the Snowy Estuary as 
being transitional between Roy’s types 4c and 4d 
has important implications for habitat and faunal 
diversity and temporal variability in water 
properties such as turbidity and salinity since these 
become more restricted in the former and greater 
in the latter with increased estuarine evolution. 

The estuarine reaches of the Snowy and Brodribb 
rivers can be further divided into sub-environments 
(shown in Fig. 4) with distinguishing morphologies, 
sediments and processes operating within them: 

(a) Tidal delta—the lowest reach of the estuary, 
comprising the entrance and the area adjacent to 
it is occupied by a small Hood tidal delta. This 
consists of marine/nearshore sand pushed into the 


Sample 

No. 

Location and 
distance (km) 

Description'^ 

Size** 

Sorting 

Angularity 

Comments 

S89/I 

Lagoon (0.3) 

si. muddy sand 

m-c 

well 

subang. to 


S89/2 

Snowy tidal delta (0.1) 

clean sand 

m 

V. well 

subround 

rounded 

shelly marine sand 

S89/3 

Snowy (1.2) 

si. sandy organic 

m 

V. well 

ang. to 

possibly fluvial sand + tidal 

S89/4 

Snowy (2.3) 

si. muddy sand 

rich mud 
m-c mod. 

ang. to 

subang. mud 
re-worked fluvial sand, finer 

shell frags 
S89/5 

Snowy (2.3) 

si. muddy sand 

in-c 

mod. to 

ang. to 

subang. on top; 

re-worked fluvid sand. 

S89/6 

Snowy (3.3) 

si. muddy sand 

m-c 

poor 

poor 

subang. 

ang. 

angular shell frags 
whole estuarine shells 

S89/7 

Corringle Ck (4.2) 

si. muddy sand 

f-m 

poor 

ang. 

tnica, fluvial mud 

S89/8 

Corringle Ck (4.1) 

si. muddy sand 

m-vc 

V. poor- 

ang. 

tidal mud over fluvial sand. 

S89/9 

Snowy (4.3) 

muddy sand 

ni-e-vc 

poor 

poor 

ang. 

little re-working 

2 populations fluvial sand 

S89/I0 

Snowy (6.0) 

sand, trace mud 

m-£ 

mod. 

ang. 

mica, charcoal 

S89/11 

Snowy (7.1) 

clean sand 

m-e-vc 

poor 

ang. 

mica, charcoal, leaves 

S89/12 

Snowy (8.5) 

clean sand 

m-c-vc 

mod. 

ang. 

tnica, charcoal 

S89/I3 

Snowy (4.0) 

sand, trace mud 

m-c-vc 

mod. 

ang. 

tnica, charcoal, re-worked 

S89/14 

Brodribb (5.6) 

si. tnuddy sand 

m-c-vc 

poor 

ang. 

river sand 

mica, charcoal, whole bivalves 

S89/15 

Brodribb (6.5) 

si. muddy sand 

m-c-vc 

poor 

ang. 

mica, charcoal, coarse frags 

SE93/4/8 

Brodribb (8.9) 

si. muddy sand 

c 

mod. 

subround 

estuarine shells 

SE93/4/10 

Brodribb (10.7) 

si. muddy sand 

c 

mod. 

subang. 


SE93/4/13 

SE93/4/18 

mouth of L. Curlip 
(13.0) 

mouth of L. Corringle 
(4.7) 

muddy sand 

sand 

c 

c 

mod. 

good 

subround 



Table 2. Bed sediment samples (source: 1989 HWMP; 1993 unpub. reports, Monash University), ■'si. = slightly; 
•*1 = 006 (2.25 to 1.75 phi), m = medium (1.5 to 1.25 phi), c = coarse (I to 0.25 phi), vc = very coarse (0 to 
-0.5 phi), underline indicates dominant size fraction. 
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estuary by tidal currents with wave modification 
of deposits occurring near the mouth. Transport of 
sand into the estuary is limited as the tidal currents 
enter the wider section and the tidal delta occupies 
only a small area adjacent to the mouth. 

(b) Mud basin—a small section of the estuary 
between the tidal delta and First Island is 
characterised by a relatively wide, deeper segment 
with finer sediments. This area is acting as a 
sediment sink for marine sediment at its down¬ 
stream end and for finer fluvial .sediments from 
upstream. Larger fluvial events would carry coarser 
sediment through this section but higher frequency 
flows of smaller magnitude do not seem to transport 
appreciable amounts of sand-sized material to this 
zone. 


(c) Tidal channels—these are located in the sinuous 
sections of channel from First Island upstream to 
Lake Corringle and approximately the conlluence 



fifi. J. Stages of infilling of Roy’s Type 4 barrier 
estuary (after Roy 1984). 


of the Little Snowy with the Snowy and Brodribb 
rivers. The basic morphology is produced by a 
combination of fluvial and tidal processes. 
Sediments in this area are primarily composed 
of tluvial sand with varying percentages of mud, 
much of which is probably deposited over the sands 
during periods when tidal currents dominate the 
circulation. The fluvial sand would be transported 
to this zone during floods, and then re-worked by 
tidal currents. 

(d) Lakes—these broad, shallow environments have 
largely wind-driven circulation and sediments are 
predominantly muds. Tidal currents arc negligible 
in the body of the lakes. 

(c) Tidal river channels—these upper-estuarine 
zones arc characterised by tluvial sands with 
the basic morphology being controlled by riverine 
processes. The tidal effects vary between the 
Snowy and Brodribb, largely as a result of the 
considerable tidal storage in Lake Curlip, some 
distance upstream on the Brodribb. This provides 
for significant tidal velocities over the reach 
connecting the lake to the lower Snowy River. The 
Snowy River tidal prism decreases more rapidly 
upstream and tidal velocities capable of re-working 
sand-sized sediment arc restricted to its lower reach. 

SNOWY RIVER ESTUARY; 

HYDRODYNAMICS 

The hydrodynamic regime is considered below 
under the headings low, fresh and Hood flows. 
The range of conditions documented from field 
studies was extended by the use of an hydro- 
dynamic model. Details of the physical basis of 
the model, its verification and application are given 
by Hinwood & McLean (1992). 

Dry-wealher flow conditions 

Under dry-weather fiow conditions the Snowy 
River remains the dominant fresh water inflow, 
although the fiow in the Brodribb is not negligible 
in determining the salinity distribution. The un- 
gauged Corringle Creek drains a small lowland 
catchment but may also contribute following coastal 
rainfall. 

Since the Snowy Mountains Scheme, the median 
fiow has fallen to 1051 ML/day. The ‘environ¬ 
mental fiow’ of significance to water quality and 
maintenance of ecosystems has been provisionally 
assessed as 225 ML/day (James 1989)—occurring 
as the lowest average 7-day fiow. The 7-day low 
fiow falls below this value once in every 2.6 years 
on average. 
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As noted earlier, under low flow conditions a 
salt wedge forms in the Snowy River upstream 
of its junction with the Brodribb (see Fig. 5). 
The extent of the salt wedge is reduced from that 
in an unbranched channel by the low salinity of 
the saline water at the start of the salt wedge near 
km 5. The low fresh inflows mean that salt wedges 
rarely form in the Brodribb River or Corringle 
Creek. Flows in these estuarine channels arc well 
mixed vertically by the tides, except near slack 
water. This situation is shown by the time-depth 
plots of salinity in Fig. 6A-B. Near high and 
low water slack weak stratifications develop in 
Corringle Creek. A sharp stratification develops 
near high water slack in the Brodribb River and 
is only broken up when the ebb current becomes 
sufficiently strong. The figures are based on 
temperature/salinity/velocity data measured at about 
40 minute intervals on each of three verticals at 
the given cross-sections; data were measured at 
0.5 m intervals with finer sampling near sharp 
interfaces. 

The water entering Brodribb River and Corringle 
Creek from the Snowy River estuary on the flood 
tide may be stratified and will vary in salinity 


over the tide cycle. Mixing by tidally-generated 
turbulence will break up the vertical stratification, 
and dispersion will reduce the longitudinal vari¬ 
ations. Wind mixing in the lakes observed during 
the data collection in January 1989 and in 1993 
caused thorough vertical mixing and stirred up 
bottom sediment, increasing turbidity particularly 
in Lake Corringle. The water re-entering the 
Snowy River estuary on the ebb tide will thus 
have different properties to that in the estuary 
and will produce a complex and rapidly varying 
salinity distribution. This situation is illustrated in 
Fig. 7A-B. 

Fig. 7A shows dramatic changes of salinity and 
of flow regime at a point in the Snowy River 
just upstream of the junction with the Brodribb. 
A salt wedge is present for most of the ebb tide. 
The wedge had been pushed upstream by the flood 
tide but on the ebb it moved downstream at least 
as far as the junction with the Brodribb River. 
Serial velocity data at each cross-section confirmed 
this interpretation. 

In the lower estuary, just upstream of Mario, 
Fig. 7B shows that a number of interfaces passed 
the observation station during a tide cycle. In this 



Fig. 4. Morphological zones within the Snowy River estuary. 
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reach the advancing flood current halted the outflow 
of fresh water and formed a fresh wedge at the 
water surface. The tip of the wedge was marked 
by a sharp change in water color and turbidity. 
The tip of the fresh wedge was pushed upstream 
and just reached the measurement station at high 
water slack. 

The field study was conducted in January 
1989 not long after a flood which peaked at 
154 000 MLVday on 17 November 1988. The tidal 
range of 0.7 m at Mario is typical after a fresh or 
flood, but falls with time as longshore drift 
obstructs the inlet. The salt wedge will penetrate 
slightly less far upstream at high water with the 
higher tide, as explained below. 

Under higher river flow conditions observed 
over the period 18-20 September 1998, the salt 
wedge was washed downstream and the top to 
bottom salinity difference was greatly reduced. 
On 19 September the flow in the Snowy was 
1900ML7day, the tidal range at Mario was 0.7 m 
and the maximum upstream extent of the salt wedge 
was 6.2 km. 

Fresh conditions 

Minor fresh flows are sufficient to wash the salt 
wedge out of the Snowy River above its con¬ 


fluence with the Brodribb and to establish a salt 
wedge regime in the lower e.stuary near Mario, as 
shown by the data of 18-21 September 1992. With 
a tidal range at Mario of 0.49 m and a flow in 
the Snowy of 6900ML/day, in the Brodribb of 
2600 MLVday and Corringle Creek of 900 ML/day 
on 19 September, the salt wedge length was about 
3 km, ie. near the tip of First Island. The com¬ 
bined river How is then relevant to the salt wedge 
dynamics. 

Minor fresh fiows are of frequent occurrence 
and may last for a couple of days or more. The 
upper limit of a ‘fresh’ is taken as the bankfull 
flow in the Snowy, and is about 17 020 ML/day. 
Such a flow will occur or be exceeded one day 
per month on average. 

Numerical model runs shown in Fig. 8 confirmed 
that for flows in the Snowy River above about 
2750 ML/day, sustained for a few days, the salt 
wedge Is washed out of the Snowy River above 
its confiuence with the Brodribb. Under inter¬ 
mediate Hows, a salt wedge extends upstream 
from the mud basin towards the confluence. For 
combined inflows of all rivers more than about 
25 000 ML/day (17 020 ML/day in the Snowy) 
salt water does not penetrate past the inlet throat, 
again depending on tidal range and state of scour 
of the inlet. The model runs utilised a typical tidal 


o 


g g. 

6 -' 



by ihe concentration of salinity contours from km 5.8 to km 8.1. Near high water, 1200-1400 hours, II January 
1989. Circled numbers and letters refer to TS profding stations: contour levels arc salinity in ppt. 
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range of 0.5 m and assumed that the river inflows 
were in the ratio Snowy : Brodribb : Corringle = 
I : 0.75 : 0.0375. 

Higher tidal ranges will increase mixing and by 
disrupting the density stratification will reduce the 
upstream penetration of the salt wedge—eg. for 
a tidal range of 0.6 m a flow in the Snowy of 
2500 MLVday is sufficient to flush the salt wedge 
from the upper river. The limiting flow also 
depends on the (low in the Brodribb River through 
its effect on the salinity at the confluence. 

Numerical model runs were made for several 
transient fresh fiow scenarios, one of which is 
illustrated in Hinwood & McLean (1992). The 
scenarios used Snowy River inflows rising over 2 
to 4 days to maxima of 12 000 to 25 000 ML/day 
and then falling over 4 to 8 days. The model 
showed that for these river flows and durations 
salt water will be Hushed from the Snowy River 
channels, but the Lagoon will remain saline and 
Lake Curlip and the Brodribb River will not be 


completely flushed, whereas a steady combined 
river infiow of 25 000 ML/day will flush salt 
water from the estuary. 

Flood conditions 

Unpublished data in the files of the Rural Water 
Commission shows that for floods of up to 
14 000 ML/day the flow in the lower Snowy River 
remains entirely within the channel. In greater 
floods outflows occur via gulches near Orbost and 
low-lying areas of the flood plain are inundated, 
but the bulk of the flow remains within the channel. 
For Hows above 40 000 ML/day overflows from 
the Snowy River flow into the Lake Curlip area. 
Flows in the Snowy above 40 000 ML/day occur 
on average 4 days each year. The overland flow 
is intercepted by the Brodribb River. This river 
rises above bankfull during the larger floods on 
the Snowy River and inundates areas on both sides 
of its channel. 




TIME(hr) 25 JAN 1989 

Fig. 6. Salinity contours on a depth-time plot. Numbers arc salinity in ppt; broken lines denote zero velocity. 
A, Corringle Creek, stn 2; B, Brodribb River, stn 4. 
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TIMEChr) 25 OAN 1989 

Fig. 7. Salinity contours on a depth-time plot. Numbers are salinity in ppt; broken lines denote zero velocity. 
A, Snowy River, stn 3; B, Snowy River, stn 1. 



Snowy River Flow Ml/d 

Fig. S. Snowy River—salinity at high water as a 
function of river flow. Tidal range at Mario = 0.5 m. 


Under high fresh conditions observed over the 
period 17-19 September 1993 no sea water or 
extensive body of salt water was found in the 
lower estuary under a combined river inflow of 
22 000-24 000 ML/day. Saline water of 5-10 ppt 
was found near the bed at the ends of The Slips, 
the Lagoon and in Lake Corringlc. Water of up 
to 5 ppt was found near the channel bed and this 
could loosely be termed a salt wedge, confirming 
the model estimate of 25 000 ML/day as the flow 
required to flush the salt wedge out of the estuary. 

For a bankfull flood in the Snowy River, the 
sectionally-averaged current velocities through the 
mud basin reach 0.9 m/s and through the entrance 
gorge reach 1.8 m/s. This latter figure is well over 
twice the speed derived from the equilibrium gorge 
equation of O’Brien (1931). No allowance for scour 
during a flood has been made but it is evident 
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that scour would occur, increasing section areas 
and thereby reducing current speeds. Salt water is 
entirely Hushed out of the Snow'y River and Lake 
Corringle, but for a bankfull flood of typically 
short duration, a trace of salt water remains in 
Lake Curt ip. 

Bankfull flow for the estuarine .section of 
the Brodribb River is estimated by the authors as 
16 000ML/day (±30% due mainly to uncertainty 
in the water surface slope). This flow is reached 
due to flooding of the Brodribb alone once in 
8.5 years. 


Overview and estuarine zones 

In summary, under flood and high fresh flows salt 
water is flushed from the estuary. Under low 
flows, salt water penetrates up the Snowy River 
and its estuarine tributaries, the Brodribb River 
and Corringle Creek, 

The entrance of the estuary to the sea is through 
a barrier dune. The entrance gradually moves 
eastward and is closed by longshore sand drift. 
Freshes scour the channel and entrance. Floods 
scour the channels and may cut the barrier dune, 
moving the entrance westwards. A barrier lagoon 
is formed to the east when the entrance is moved 
westwards; this lagoon is gradually returned to an 
estuarine channel as the entrance moves eastwards. 
The entrance has closed on only two oceasions in 
80 years. 

At low river flows tidal velocities dominate in 
the lower estuary. Following a flood or fresh the 
entrance area is large and the tidal range is large, 
but the range falls as the entrance moves cast 
and contracts. 

On hydraulic grounds a number of zones may 
be identified within the estuary under low flow 
conditions. Under flood flows the salt water is 
washed out and the importance of the tides reduced, 
converting most zones to river channel segments. 
The zones arc discussed below. 

Eastern Lagoon and The Slips. These arc 
elongated lagoons formed from abandoned river 
channel lying parallel to the coa,stline. Velocities 
arc typically less than 0.2 m/s and stirring by 
wave or current action is weak. Lying close to the 
entrance the salinity is close to that of seawater 
over the whole tide cycle. 

Flood tide delta. The flood tide delta from 
the mouth of the estuary to about km 0.8 is sub¬ 
jected to strong tidal currents, sufficient to cause 
appreciable bcdload transport of sand. Under dry- 


weather and fresh river inflows the water near the 
bed is always seawater, while on the ebb tide a 
shallow surface layer of fresher water intrudes 
from upstream and flows out to sea. 

Mud basin. This section of the estuary upstream 
of the flood tide delta, near Mario, is characterised 
by a wide deep channel. The bed is not exposed 
to strong currents or stirring by wind waves. At 
times of dry-weather river inflow the lower layers 
of water remain nearly undiluted seawater and the 
upper layers vary over the tide cycle from seawater 
to two-thirds river water. 

Snowy River tidal channels. From the mud basin 
to a little above the confluence with the Brodribb 
River the currents in the Snowy River are pre¬ 
dominantly tidal, except during floods. The strength 
of the tidal currents and the salinity of the water 
near the bed are very strongly influenced by the 
tidal flows in the Brodribb River and Corringle 
Creek. Under dry-weather river inflow conditions 
the salinity near the bed varies over a tide cycle 
from nearly seawater to two-thirds river water. 
Under moderate fresh flows the salt wedge is 
pushed downstream to this reach. 

Salt wedge zone. This subsection of the Snowy 
River tidal channel extends from about km 5 to 
km 8 and on occasion upstream of km 10. Under 
the median or dry-weather river inflows a salt 
wedge forms here with river water overlying mixed 
water of about one part seawater to two parts river 
water. Currents remain predominantly tidal but 
modified by net outflow near the surface and net 
inflow near the bed due to the salt wedge. 

Snowy River tidal river channel. Currents are 
tidal, but weak and in.sufficicnt to transport sand 
under dry-weather river inflows, but moderate fresh 
flows dominate when present. Upstream of the salt 
wedge zone the bed is only rarely exposed to saline 
water. Rare incursions of bracki.sh water are stated 
to oecur at least as far upstream as Orbost under 
very low flow conditions when water levels are 
raised by closure or extreme constriction of the 
entrance channel. These conditions are stagnant. 

Brodribb River and Corringle Creek tidal channels. 
Under dry-weather flows these channels are 
dominated by tidal currents which arc sufficiently 
strong to mix the water over the depth, except 
near slack water. The salinities are intermediate 
between seawater and river water, decreasing 
upstream. 
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Lakes Corringle and Curlip. TTiese remnants of 
the estuarine embayment are strongly tidal but 
currents arc weak except near their entrances or 
during strong wind events. Even in dry weather 
the small river intlows are sufficient to lower 
the salinity within the lakes, producing horizontal 
salinity gradients. The lakes, being shallow and 
well mixed vcnically by the wind, are readily 
flushed by fresh flows in the Brodribb River and 
from the western marshes respectively. Flushing 
from freshes in the Snowy River takes about 
one week because of the extent of the lakes and 
the length of the channels linking them to the 
Snowy River. 

SNOWY RIVER ESTUARY: 

BENTHIC ECOLOGY 

A reconnaissance survey of the intertidal and 
subtidal habitats in the Snowy River estuary was 
made and is reported in HWMR Methods com¬ 
prised visual assessment; sampling of vegetation, 
sediments and infauna; laboratory examination and 
broad classification of sediments and of biota. 
Transects were sampled at km 0.5, km 1.3, 
km 1.9 and point samples gathered at km 7.0 
and at km 0.3 in the mouth of the Lagoon (see 
Fig. I). This sampling, as described in HWMP, 
identified as ecological zones the flood tide delta, 
a second zone upstream with more diversity of 
marine/estuarinc invertebrates and the marine 
backwater of the Lagoon. 

DETAILED CLASSIFICATION OF THE 
SNOWY RIVER 

The detailed classification of the Snowy River 
estuary is discussed below. From this. Fig. 9 has 
been prepared to show in schematic form the 
characteristic salinity variation for an estuary of 
this type and stage of evolution. 

Hydrodynamics 

The Snowy River estuary has a wide range of 
the ‘classical’ hydrodynamic regimes present 
simultaneously. Starting upstream with the river 
channel; 

• unstratified (fresh); 

• salt wedge; 

• partially mixed, with strong tidal currents 
mixed; 

• partially mixed tidally dominated; and 

• mixed, with limited wave penetration. 


It is believed that this pattern is typical of most 
estuaries in this stage of gcomorphological evo¬ 
lution. Among estuaries in this region, the same 
sequence has been observed by the authors in the 
Barwon, Wcrribec and Pambula River estuaries, and 
an extensive data collection by CSIRO (Rochford 
1959) documented varying patterns of flow along 
NSW river-dominated estuaries where different 
fiow characteristics were produced by the inter¬ 
action of tide and river flow in the different 
geomorphological zones of the estuary. 

The pattern of .salinity regimes is shown in 
Fig. 9. The channel morphology has been used to 
characterise each zone, then the other characteristics 
observed on the Snowy River have been listed for 
each zone. The salinity graphs have been obtained 
from runs of the model; the abscissa has been 
distorted to fit the dimensions of the columns of 
the figure. 

In both the Brodribb River and Corringle Creek 
the sequence is the same as in the Snowy River 
but the relative lengths of the zones are different. 
The smaller fresh intlows and larger tidal prisms 
make the zone with mixed/pariially mixed with 
strong tidal currents longer, and the salt wedge 
zone shorter in the Brodribb. 

In the Snowy River low flows occur for most 
of the year but fresh Hows may occur at any time 
of year and are of short duration. With the large 
tidal lagoons typical of this type of estuary, the 
estuary responds fairly slowly to the fresh Hows, 
attenuating the changes, hence the impact of fresh 
Hows is diminished. An estuary in a later stage of 
evolution, with less tidal Lagoon area, or an estuary 
fed by a less variable stream would adjust fully 
to the changes in river flow. 


Sediments 

In the Snowy River, with mostly sandy sediments, 
flood conditions arc more important for sediment 
transport than fresh or dry-weather flows as a 
consequence of the generally subcritical current 
speeds under the latter conditions. Under flood 
conditions the salt wedge is washed out and the 
direction of bed sediment transport is therefore 
downstream in all reaches of (he estuary, the Hood 
delta scours and the barrier dune may be breached. 
In the falling stages of a flood the fines would 
be deposited in the mud basin and lower tidal 
channels. The upstream-moving water in the salt 
wedge would carry the con.solidating llocculatcd 
silt landwards into the upper tidal channels and 
the tidal lagoons, as has been well documented for 
many estuaries. 
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Under conditions of lower flow, redistribution of 
sand in the tidal river channels will occur through 
the action of the tidal currents, the currents in the 
salt wedge being too weak to move sand. The 


inflow of marine sands onto the flood tide delta 
will rc.sume. Silt will be resuspended in the shallow 
lagoons by strong wind waves and will then be 
transported by the currents. 
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Fi)>. 9. Snowy River—morphological zones and typical salinity ranges for low and moderate fresh flows. 7 day 
low: Snowy flow 225 ML/day; median Snowy flow 1051 ML/day; fresh Snowy flow 17 000ML/day. Tidal range 
at Mario = 0.6 ni. Annotation on salinity profiles: flow/tide, L.W. = low water; H.W. = high water. 
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Habitat 

The biota present have been found to correlate 
well with the morphological zones. These zones 
define the channel depth, the bed sediment type 
and the hydrodynamic regime. Considering the 
hydrodynamics, it is clear that the average salinity 
decreases upstream, but the tidal range of salinity, 
here referred to as the tidal stress, varies depending 
on the regime. Fig. 9 shows that the tidal stress 
is a maximum at the downstream end of the salt 
wedge, and a minimum in the mud basin and 
flood tide delta, where predominantly marine 
benthos have been observed. The seasonal salinity 
stress may be inferred from the upper and lower 
lines on the salinity variation plot, remembering 
that the exposure to the minimum salinity may 
be brief. 

CONCLUSIONS 

The Snowy River estuary is the largely infilled 
remnant of a shallow embayment, receiving 
substantial fresh water and sediment inflows from 
the catchment. The pre.sent estuary channels and 
mouth are formed by floods of return period 5 
or more years, with limited re-working by tidal 
currents. Longshore drift gradually closes the 
entrance, reducing the tidal prism and restricting 
the ingre.ss of salt water. Channel sediments are 
predominantly fluvial sands, with some marine 
sands on and seawards of the Hood tide delta, and 
silts in the tidal lagoons. Zones with characteristic 
geomorphological regimes were defined. 

Maximum salt penetration into the estuary occurs 
under conditions of low river inflow and large 
entrance depth. The data reported here, gathered 
under these conditions, identified a range of hydro- 
dynamic and salinity regimes present in the estuary, 
from well mixed to salt wedge types. The range 
of conditions was extended by use of a numerical 
model. The mix of hydrodynamic regimes along 
the Snowy River c.stuary indicates the limited 
utility of purely hydrodynamic classification 
schemes when applied to a whole estuary. The 
relationship between the biota present and the 
hydrodynamic and geomorphological zones has 
been demonstrated. 
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Pelican Island is a very small island barely above sea level, 1 km from the cast coast 
of Western Port. It is built up from basaltic cobbles derived from an eroding shore platform. 
Shallow peat occurs in the centre of the island above what appears to be old salt marsh 
silt, probably deposited in an embayment during the formation of the island at times of higher 
sea level in the mid Holocene. The vegetation is unusual since it is dominated by Acacia 
melanoxylon (blackwood) scrub with an understorey of perennial and exotic annual grasses, 
forbs and succulents. This scrub is rimmed by tussock grasses and the whole island surrounded 
by a mainly open, rocky salt marsh in the intertidal zone where Avicennia marina is represented 
by two small, isolated bushes and several seedlings. The blackwood scrub is pruned by salt¬ 
laden winds and is continuously attacked by wood boring larvae. It recovers vegetatively and 
regenerates only by root suckers. 

Flowers arc usually aborted and therefore seed production is extremely rare under these 
conditions. No blackwood seedlings have been germinated from the soil seed bank which 
consists predominantly of Tetragonia tetragonioides. From isozyme analysis of blackwood 
phyllodcs it seems that the north and south of the island are occupied separately by two main 
genotypes which have regenerated clonally. It is hypothesised that two seeds were dispersed 
to different parts of the island, probably by birds, when sea levels fell and the site became 
habitable to dry land plant species. The blackwood scrub is probably vulnerable because of 
possible sea level rise, the persistent insect attack, the low genetic variability and the possibility 
of invasion by other woody species that may be better adapted and more competitive. 

Key words: blackwood scrub, cobbles, peat, salt wind. 


PELICAN Island is one of the few islands in 
Western Port to have escaped the clearing and 
grazing activity of last century, hence a study of 
its ecology and history was deemed appropriate 
for the last research undertaking of the McCoy 
Society for Field Investigation and Research—a 
multi-disciplinary society inaugurated at Melbourne 
University in 1935. Pelican Island is a low, scrub- 
covered island rimmed by tussock grass and rocky 
salt marsh 900 m west of Corinclla. From general 
observations in Victoria it was expected that it 
would be dominated by Allocasttarina veriicillata, 
Myoporwti ittsulare or Melaleuca ericifolia, there¬ 
fore the presence of 0.30 ha of stunted, wind-pruned 
blackwood .scrub required some explanation. Local 
knowledge speaks of ‘guano’ mining 70-80 years 
ago, which added further interest to the problem 
of the formation of the island and the reasons for 
its peculiar vegetation. 

This paper will be presented under the three 
headings of; General Environment and History, 
Vegetation, and Status of the Acacia melanoxylon* 
population. 


GENERAL ENVIRONMENT 

Geology 

Pelican Island (lat. 38°24'S, long. 145°24'E) is 
the summit of a flat hilltop rising from the floor 
of the cast channel of Western Port. It consists of 
Oligoccne Basalt (Tliorpdalc Volcanics) and is 
close to the northern limits of the deep Flinders 
flow (Spencer Jones ct al. 1975). One of the many 
faults or monoclines that dissect the Western Port 
basin passes very close to Pelican Island, and 
the riffle line in the sea which extends some way 
towards Corinclla may represent a marked change 
of sea floor level at this point. Evidence of an 
early Holocene sea level I m above that at the 
present time has been demonstrated at Corinclla 
and Philip Island (Marsden & Mallett 1975; 
Jenkin 1988), however, as pointed out by Bird 
(1981, 1994) local tectonic uplift could have 
produced a similar result. Certainly Pelican Island 
is very close to the edge of the upthrown block 
of the Corinclla fault (Jenkin 1962). 


*NomcncIalure of vascular plants follows that provided by Ross (1996). 
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Fi)’. 2. Core stones in basalt columns on the rock platform. 


Fig. I. Photograph of Pelican Island from the west. 
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Fig. 3. Veneer of cobbles on the southern shore platform. 



Fig. 4. Berm of cobbles deposited at high tide on the southern coast, Uivalera arborea in the foreground in 
dense swards of Poa poiformis and decadent Acacia mclana.xylon in the background. 
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Physiography 

The island is narrowly triangular, 180 m long and 
55 m wide, aligned NE-SW and encompassing an 
area of 0.42 ha, the highest point of which is only 
2.1 m above the spring high tide mark (Fig. 1). 
At low tide a broad shore platform 20-50 m wide 
slopes at about 3° on the northwestern side and 
about 2“ on the southeastern side of the island. 
The northeastern tip is prolonged into a trailing 
spit of sand and shell fragments which has shown 
considerable truncation since 1956. An old wave- 
cut clifflet 1 m high which extends down much of 
the the N\V side of the island is partially obscured 
by detritus of clayey grit but in the north the basalt 
bedrock and a thin palaeosol of gritty sandy clay 
is exposed beneath a layer of basalt cobbles. Such 
marine erosion probably took place when sea levels 
were higher and has ceased since tussocks of 
Austrostipa stipoides and Isolepis nodosiis have 


established to .seaward. The rock platform in this 
area is covered intermittently with a single layer 
of basalt cobbles (Fig. 2) derived from the core 
stones of truncated, hexagonal basalt columns 
(Fig. 3). Down the western side of the island 
smaller core stones are being deposited to depths 
of 20-30 cm near the high tide level amongst open 
stands of Siuieda australis. At the exposed south¬ 
west of the island such core stones have been 
thrown up as a conspicuous rampart or ridge 50- 
60 cm high in front of the Austrosiipa-Poa grass 
zone (Fig. 4). The area of the island above high 
tide is increasing since this material continues to 
be deposited from the shore platform. On the 
eastern side, large sheets of basaltic sand and shell 
fragments occur amongst the stones and the basalt 
bedrock and silty mud only occurs on the summits 
of rocks or on the platform surface close to the 
low tide mark. The extent of silty clay however 
varies with the frequency of severe storms and 



High tide 
Low tide 


Blackwood scrub 




Shelly sand 




50 m 


Sand 




Peat excavation 


Rock and silt 


Hummocks 


Fig. 5. Physiography of the island showing ridges and hummocks of cobbles and the areas of peat. 
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was much less prevalent in 1998 than five 
years previously. The occurrence of shells of the 
relatively rare Holocene brachiopod, Magellania 
flavescens Lamarck, near the high tide mark is 
of interest. The surface of the island is largely 
composed of heaped cobbles similar in size to 
those on the present shore platform. Deeper and 
possibly older deposits occur towards the interior 
of the island. In the NE half of the island cobbles 
are distributed in subparallcl ridges 1.0 m high, 
whereas in the SW section the cobbles occur either 
in a flat plain or in a complex of small peaks and 
hollows as if two parallel systems have interacted 
to produce a diffraction pattern of hummocks and 
hollows (Fig. 5). In the centre of the island at its 
widest point, a level plain with surface peat is 
bisected by a man-made small trench which 
abruptly turns SE into a rectangular excavation 
5x8 m and 1 m deep before leading out towards 
the coast. Evidence of these workings can be seen 
clearly from the aerial photographs of 1956 where 
a recent fire had removed all surface vegetation. 
In this region local deposits of pale silt 15-25 cm 
thick, occur at depths of 60-120 cm This material 
which was examined by Laola Pty Ltd, Perth, 
Western Australia, revealed chenopodiaeeous pollen. 
This material is remarkably similar to that in 
present day salt marshes and may represent old 
salt marsh deposits in the early phase of the island’s 
development. 

Climate 

The climate is temperate with a seasonally well 
distributed annual rainfall of 800 mm (Shapiro 
1975). Prevailing winds are NW to W in winter 
and W to SE in summer. The fetch of winds 
across Western Port to Pelican Island varies from 
2.5 to 13.8 km and is greatest from SSW to S 
(Fig 6; Shapiro 1975; Commonwealth Meteor¬ 
ological Bureau). The winds causing most salt 
aerosol damage to the scrub are likely to be W-SW 
in winter and SW to SE in summer. The on-shore 
winds of spring and early summer are likely to 
be the most damaging due to the presence of new 
shoot growth. 


Soil 

Soils on the island are immature with little profile 
differentiation and their development is clo.sely 
linked to topography and substrate (Fig. 7). The 
major soil type is a stony humus loam developed 
from accumulations of cobbles, somewhat similar 
to the skeletal soil on the early Holocene cinder 
cone of Mt Eccles in western Victoria (Gibbons 


& Downes 1964). Around the periphery of the 
island shelly, basaltic sand has accumulated and 
is frequently mixed with variable amounts of 
undifferentiated marine detritus, especially that of 
Zostera muelleri and macroalgae, which on the east 
coast extends inland for 1-5 m. These sediments 
may also be interspersed to various extents with 
basaltic cobbles. On the central flat areas of the 
island an undifferentiated humus horizon grades 
into or is embedded in a layer of cobbles at 20- 
50 cm. In some places granular peat 20-30 cm 
deep occurs over a compacted fawn layer at least 
30 cm deep of silt, sandy silt or silty clay. From 
levelling surveys and soil pits the basalt basement 
on the island occurs at a depth of at least I m. 
In the salt marsh areas along the east coast, 
substrate ranges from shelly sand to silty clay and 
soil profile development is meagre. The granular 
humus-rich horizons (0-15 cm) in the centre of 
the island, have pH values close to neutrality (6.5- 
7.3) and are high in ‘available’ phosphorus and 
total nitrogen. Tlie C:N ratio is 10.8-12.3 which 
suggests that nitrogen would be readily available 
to plants (Table I). 



Fig. 6. Pelican Island showing the fetch of winds from 
various compass directions. 
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Pit 1 

Pit 2 

pH (1:5 dilution) 

7.3 

6.5 

P (ppm) 

390 

210 

N (%) 

1.69 

2.15 

Organic matter (%) 

31.4 

45.4 

C:N 

10.8 

12.3 


Table I. Nutrient analysis (oven dry weight) of peat 
samples (0-15 cm). Pelican Island. 


History 

The earliest records of land use can be traced 
to exploitation of the rich humus developed on 
the island in the blackwood scrub. In 1918 a 
licence was taken out for extraction of ‘guano’ for 


agricultural purposes—mainly for use as fertiliser 
for the vegetable garden of the prison farm at 
McLeod on French Island (Allan Chandler, pers. 
comm.). A small hut present on the island for many 
years was probably associated with the remains 
of a small excavation and trench observed today. 
Work on this venture cea.sed in 1928. Since that 
time the island has been visited by fishers and 
others. Fires have occurred at various times—the 
effects of one which burnt out 60% of the black- 
wood scrub (Fig. 8) and revealed workings of the 
superficial peat harvesting has been recorded on 
the 1956 aerial photographs. 

Discussion 

The process of core stone weathering on the 
shore platform is continuing today and in places 



Shelly sand 
over silt 


Sand over silt 


50 m 


■tfeci' 


□ 

UE 


Humic sand 
over silt and clay 


Humic sand 
over gravel 


I Rock pool " 


Sand veneer 
over cobble 


Humus 
over cobbles 


Blackwood scrub 
Silty clay subsoil (old salt marsh) 
Silt 
Clay 
Sand 

Basalt bedrock 

Granular peat 
over silt and clay 


Erosion clifflet 
over bedrock 
under cobble layer 


Humic 
stony loam 


Fig. 7. Map of main soil types on Pelican Island. 
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cobbles arc being accumulated as a continuous 
veneer. Storms, tidal scour and currents have caused 
considerable changes in the superficial deposits of 
fine material. The prevailing winds are NW and 
SW, although winds from the E and SE may be 
severe and prolonged. The island has been subjected 
to some erosion from wave action as well as sand 
deposition at high tide on the NW side and to 
sand and fine sediment accumulation on the SE. 
Under the present climate it is difficult to see how 
storms could generate wave energy sufficient to 


lift cobbles 1.5 m and distribute them into ridges 
parallel with the NW coast. However, this would 
seem feasible if sea levels had been 1 m higher, 
as suggested by Marsden & Mallett (1975) and 
Jenkin (1988) for various sites around Western Port. 
The main accumulation of cobbles could have 
occurred at this time when Pelican Island would 
have been little above high tide level. The chaotic 
pattern of hummocks and hollows of cobble deposit 
in the SW end of the island would be consistent 
with an interacting system of cobble ridges being 



f’iji. fi. The extent of the 19.56 fire. 
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assembled from NW and SW storm-driven wave 
systems. The silt deposits in parts of the island 
at depths of 50-100 cm are likely to be old salt 
marsh muds deposited at higher relative sea levels 
during the build-up phase of the cobble ridges. 
Pollen analyses of the silts suggests their salt marsh 
origin due to a large component of chenopodiaceous 
species. Much of the thick humus material in the 
centre of the island may have originated at this 
time from extensive deposits of sea grass detritus 
in embayments in the cobble ridges. Much of the 
high nutrient status of the material could have been 
associated with sea bird roosts at a time when the 
island is likely to have been grassy marsh land at 
a time of higher sea level. Today sea bird droppings 
are most prevalent on the sand spit and in the 
bare zone close to the limit of the highest high 
tides. Deep accumulations of sea grass and macro- 
algal debris occur around the shores of Western 
Port today and can be observed on the marshes 
at the mouth of the Bass River and at Shorcham. 


Leaves of sea grasses are known to be high in 
P (0.19% ODW) and N (1.64% ODW) from the 
work of Clough & Attiwill in Shapiro (1975). 
Extensive beds of such grasses exist today within 
100-200 m of Pelican Island to the south, south¬ 
west and east-north-east (Mar.sden in Shapiro 1975). 
The humic top soil under blackwood scrub has 
been enriched considerably by humus derived from 
the litter and fine roots of the present vegetation. 


VEGETATION 
Vegetation structure 

The dry-land vegetation of Pelican Island is 
essentially a low scrub of Acacia melanoxylon with 
a dense understorey of grasses and the scrambling 
succulent, Tetragonia tetragonioides. This is sur¬ 
rounded by a zone of tussock grasses (Aiistrostipa 
stipoides and Poa poiformis) with admixtures of 



Fig. 9. Distribution of the main structural forms of vegetation. 
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low chenopodiaceous shrubs. On the shore plat¬ 
form, salt marsh is variably developed between 
neap and spring high tide levels. The distribution 
of the major structural formations is shown in 
Fig, 9 and a vegetation profile bisect across the 
island at its widest point is shown in Fig. 10 
In much of the open scrub in the western half 
of the island the introduced shrub Lavatera arborea 
codominates, but in the southern area, blackwood 


increases in density and shows marked salt-wind 
pruning from prevailing southerly winds (Fig. 11). 
Cleinalis microphylla climbs over and binds 
together many shrubs in the centre and south of 
the island (Fig. 12). Degenerate and dead shrubs 
of Acacia and Lavatera are widespread (Fig. 13). 
The other wiry lianc, Muehlenbeckia adpressa, is 
locally common and tends to occur on the northern 
areas. Tetragonia tetragonioides is festooned over 


Spring high tide 



Key: Am Acacia meianoxylon 

Cl Clematis microphylla 
I Isolepis nodosus 

Fig. 10. Vegetation profile across 


L Lavatera arborea 
P Poa poiformis 
PI Poa labillardieri 

the widest part of the island. 


Sa Sarcocornia quinquetlora 
St Austrostipa stipoides 
T Tetragortia tetragonioides 



Fig. II. Wind pruned profile of Acacia melanoxykm scrub on the south coast. 














238 


DAVID H. ASHTON 



Fig. 12. Scrub of Acacia melanoxylon and Clematis microphylla with lush introduced grasses. 



Fig. IS. Degenerate Acacia melanoxylon scrub with Poa lahillarcllerei and Tetragonia iclragonloides in 
centre of the island. 
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Fig. 14. A-H, Dislribution maps of the major species. 
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shrubs or developed as lush carpets amid 
swards of perennial native tussock grasses (Poa 
labillardierei and P. poiformis) or vigorous, annual 
introduced grasses (Elirharta longijlora, Bromus 
diandnts and Avena sterilis). The weedy areas 
of the island are in the centre and north and 
members of the Asteraceae arc prominent (Carduus 
tenuiflorus, Sonclius oleraceus and Conyza 
canadensis). Low-growing native and introduced 
herbs (eg. Stellaria media) occur where com¬ 
petition from the understorey is less, such as 
under the deeper shade of denser blackwood. 
The distributions of major species are shown in 
Fig. 14A-H. 

At the periphery of the scrub, native tussock 
grasses are often associated with Dianella revoluta 
and Enchylaena tomeniosa. On the exposed north¬ 
ern edge, open ground has allowed the development 
of weedy masses of Oxalis pes-caprae and other 
species. In this zone, the only four moss species 
on the island (Bryum campylopus, Torttda princeps, 
Rhynchostegium tenuifolium and Racopilum convo- 
lutaceum) occur at the bases of grass tussocks. 

On the exposed NW side of the island the 


cobble-strewn shore platform is colonised by widely 
scattered Sarcocornia cpdnquejiora. This gives way 
to a zone of open Siiaeda australis in front of 
Austrostipa slipoides grassland (Fig. 15). On the 
sheltered SE the marsh community is better 
developed on shelly sand and silts and may 
be continuous (Fig. 16) or occur as a mosaic of 
succulents and cobble patches (Fig. 17). The closed 
marsh varies from Sarcocornia quinqucjJora- 
Suaeda australis swards with local areas of 
Samolus repens and Hemichroa pentandra, to shrub 
patches of Enchylaena tomentosa and occasional 
Sclerostegia arbuscula. Two small bushes of 
mangrove (Avicennia ituirina) occur on the SE 
coast—one occurs in the seaward part of the salt- 
marsh and the other, near the mean tide mark in 
crevices in rock surrounded by cobbles (Fig. 18). 
Occasional seedlings (< 50 cm tall) and germinated 
seed occur at several places around the island. 
At the spring high tide level a debris-line occurs 
in the grassland between the zones of Austrostipa 
stipoides and Poa poiformis (Fig. 19) where con¬ 
spicuous shrubs of Atriple.x cinerea may also be 
present. 



Fig. 15. Zonation on the exposed NW coast from cobble-strewn shore platform with widely scattered 
succulents to open salt marsh of Suaeda australis and Enchylaena tomentosa in front of the Austrostipa stipoides 
grass zone, 
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Fif;. 16. Zonation on the sheltered SE coast frotn grassland fringe to closed salt marsh (Sarcocornia quinqueflora) 
and open rocky salt marsh. Corinella bluffs can be seen in background. 



Fig. 17. Mosaic of salt marsh, mainly Suaeda australis, and cobbles on the east coast. 
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Fig. 19. Spring high-lidc debris line discriminating between Auslmstipa stipoide.'i and Poa poiformis in the 
grassland on the E coast. 


Fig. 18. Solitary mangrove (Avicennia marina) bush, 1.5 m high, on the rocky shore platform of the SE coast. 
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Landward of the zone of halophytes, a zone 
of rock and shelly sand arc generally devoid of 
vegetation for 5-10 m, except for the orange lichen 
(Caloplaca marina) on the summits of boulders, 
above high tide. The darker lichen (Lichinia 
confinis) occurs over much of the intertidal zone 
and extends to the extreme landward limits of 
marine inundation. The first macroalga appearing 
with increasing frequency of tidal inundation is 
Enteromorpha inleslinalis, hul at distances of 30- 
40 m from the high tide limit, turfs of Hormosira 
hanksii and Ulva lacluca become common. On 
the sheltered side of the island, Zostcra muelleri 
forms low swards in small sheets of sand. One 
large rock pool 8-10 m wide in the SW end 
of the rock platform, contains communities of a 
red alga (Hypnaea muciformis). and the brown 
alga, Cystoseira trinodus —a new Victorian record 
(G. Kraft, pers. comm.). 

The vascular species found on the island are 
listed in the Appendix. 

Objective methods of floristic analysis 

Methods. Species were recorded in 122 quadrats 
(4x1 m) aligned at right angles to the long axis 
of the island and located at the intersections of 
a 10 m grid. Each species in each quadrat was 
assigned a cover class (+-5) on the Braun Blanquet 
scale (+, present; I, cover 1-5%; 2, cover 5-25%; 
3, cover 25-50%; 4, cover 50-75%; 5, cover 75- 
100%). Tlic species composition of the quadrats 
was sorted by the agglomerativc TAXON program, 
MACINF (Ross 1982) and expressed as percentage 
frequency of occurrence in each grouping. 

Results. The hierarchical classification was trun¬ 
cated at the 12 group level and examination 
of their distribution and composition indicated 11 
groups could be readily interpreted. The zonation 
of the groupings of vascular species around the 
island is shown in Fig. 20. Most of the community 
diversity occurs in the general interface between 
grassland and salt marsh. 

Scrub Croup A is scrub of Acacia melano.xylon 
and subdominant Lavatera arborea with dense 
Tetragonia tetragonioides. Clematis microphylla 
and lush grass swards of Poa poiformis and 
P. labillardierei as well as the exotic annual grass 
species (.Promiis sterilis, Ehrharta longijlora, Avena 
sterilis and Holcus lanatus) and the spear thistle, 
Carduus tenuijlorus. 

Group B is an open scrub of A. melano.xylon 
and L arborea with Tetragonia tetragonioides, 
Dianella revoluta, Acaena novae-zelandiae and an 


admixture of succulents in a dense grass sward of 
Austrostipa stipoides and Poa poiformis. 

Peripheral grassland Group C is tussock grassland 
with scattered Lavatera arborea. The chief grasses 
are Poa poiformis, Distichlis distichophylla and 
Austrostipa stipoides. with the sedge, Isolepis 
nodosus, and the lily, Dianella revoluta. .Several 
semi-succulents, such as Apium prostratum, arc 
present. 

Croup D is a halophyte grassland of Austrostipa 
stipoides associated with a lesser stratum of Saivo- 
cornia cptinqueflora, Suaeda australis, Disphyma 
crassifolitim and Apium prostratum. 

Group E is a short tu.ssock grassland dominated 
by Poa poiformis with Distichlis distichophylla, 
Senecio lautiis and Dianella revoluta and occasional 
Lavatera arborea. 

Group E is an open grassland sward consisting 
of Austrostipa stipoides, Suaeda australis and 
Disphyma crassifoliuni. 

Halophyte marsh Group G is a halophyte com¬ 
munity at the landward side of the marsh with 
admixtures of Disphyma crassifolium, Apium 
prostratum. Suaeda australis and Sarcocornia 
quincpteflora. 

Group H is closed .salt marsh turf comprising 
Sarcocornia quinqueflora and Suaeda australis 
with les.ser contributions from Samolus repens, 
Hemichroa pentandra and Sclerostegia arbuscula. 

Group I is an open rocky halophyte community 
comprising Suaeda australis and/or Sarcocornia 
quinqeflora. 

Mangrove Group J. This monospecific group con¬ 
sists only of isolated shrubs and seedlings of 
Avicennia marina on the rocky weathered shore 
platform. 

The species composition of these 10 groups is 
shown in Table 2. 

Eloristics 

The vascular flora of the island consists of 
81 species of which 53% arc exotic. Grasses are 
conspicuous, 47% of which arc exotic. Of 11 
composites pre.sent, 90% arc exotic, whereas only 
one of the nine chenopods is exotic (Appendix). 
The llora is generally consi.sient with that found 
in other maritime locations in southern Victoria 
(Barson & Caldcr 1981). However, the curious 
feature of the island is the scrub dominated by 
A. melanoxylon. In Western Port this species is 
found near sea level on the sheltered coast of 
French Island, but on the cxpo.scd mainland coast 
at Corinella it occurs at least 100 m inland. 
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Species 

*A(43) 

Scrub 

B(I2) 

C(13) 

Grassland 

D(7) E(4) 

Salt marsh 
F(I5) G(39) 

H(3) 

Mangal 

1(1) 


Scrub 

Open 

Open 

Tussock Short 

Salt Complex 

Rocky 

Mangrove 



scrub 

grassy 

scrub 

grass- grass¬ 
land land 

marsh salt 
landward marsh 

Open 

marsh 



Shrubs 

Acacia melanoxylon 
Lavatera arborea 
Myoporum insulare 
Avicemia marina 
Herbs 

Graininoids 


100 

49 


25 

42 


*Bromus diaridrus 16 

*Avena sterilis 32 

*Ehrharta Umgijlora 30 

*Briza maxima 12 

Danihonia racemosa 2 

*Thinopyrum junceiforme 9 

*Parapholis strigosa 2 

Hnlcus ianatus 5 

Forbs (dicols) 


17 


*Anagallis arvensis 
*A.sier subulatus 
^Hypochoeris radicala 
*Conyza albida 
*Carduus pycnocephalus 
*Sonchus oleraceus 
*Galium aparine 
Acaena novae-zelandiae 
Rubus parvifolius 
*Polycarpon tetraphyllus 
*Medicago polymorpha 
*Verbascum virgatum 
Samolus repens 
Hemichroa penlandra 
Atriplex cinerea 


2 

1 

16 

19 

2 

5 

21 


67 


41 


Dianella revolula 

19 

75 

77 



Isolepis nodosus 


25 

77 



Juncus kraussii 

J. pallidus 


17 

15 

12 


‘Gladiolus sp. 

Austrostipa stipnides 

2 

50 

31 

100 

10 

Poa poifbrmis 

72 

50 

92 



P. labillardierei 

33 





Distichlis dislichophylla 
Spinifex hirsulus 

9 

17 

77 

25 

100 


Telragonia lelragonioides 

86 

58 

15 

* Atriplex prostrata 


67 

8 

Cbenopodium glaucum 


8 


Clematis microphylla 

49 



Muehlenbeckia adpressa 

21 

8 


Dichondra repens 

19 

8 

15 

Geranium solanderi 

32 


15 

Pelargonium australe 

5 


15 

Senecio lautus 

2 

3 

46 

Rumex brownii 



7 

*Rumex crispus 


33 

2 


23 

46 


18 


5 

25 


10 

8 

3 


Sarcocornia quinqueflora 


8 


75 

10 


100 


Suaeda australis 


25 

15 

87 

15 

73 

49 

100 

Scleroslegia arbuscula 
Apium prostration 


8 

30 

62 


47 

13 


Disphyma crassifolium 

9 

25 

15 

87 


47 




Table 2. Percentage frequency of major species in objectively classified quadrat groups. *exotic species; No. of 
quadrats in brackets; + one record in a monospecific group. 
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Soil seed bank estimates in the blackwood scrub 

This was an attempt to assess the presence of latent 
species on the site not expressed in the present 
vegetation. It was assumed that any blackwood 
seed would have accumulated in the soil due to 
its hard-seedcdness. 

Methods. Two assessments were made from 
samples collected from areas 15x15 cm to a depth 
of 5 cm. In the first case, 5 sites were randomly 
cho.sen in January 1992, in the northern half of 
the island, soils were coarse-sicved and placed 
in 20x30cm trays in the glasshouse. Seedlings 
were removed as they were identified at intervals 
of 1-3 weeks over 9 months. When the rate of 
germination had diminished after 4 months, soils 
were heated by the addition of I litre of hot water 
(95°C) per tray and then cultivated. 


In the second trial, three samples were collected 
from each of three zones: the northern, middle 
and southern third of the island in May 1993. 
Treatments were similar with the exception that all 
trays were placed outside in sunny positions where 
temperature variation would be considerable. The 
results of all counts were expressed as numbers 
per m^. In the second trial known numbers of 
A. melanoxylon seeds were buried at marked places 
in the trays. Several control trays of sterilised sand 
were also placed amongst the test soils to check 
for migratory seeds. 

Results. Tlie results were surprising in two 
respects. No A. melanoxylon seedlings appeared in 
any tray, except where seeds had been deliberately 
planted. By far the greatest concentration of 
soil seed was derived from the germination 


Scrub 

A A. melanoxylon, Lavatera, Tetragonia, Poa p., Poa Avena, Clematis 
B A. melanoxylon, Lavatera. DIanella, Austrostipa, Poa p., Sonchus, Cakile 


Grassland 



E(g. 20. Distribution of objectively detennined species groupings. 
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of Tetragonia tetragonioides which comprised 
78.5% of the seed bank. The mean density of this 
species to a depth of 5 cm was extremely high 
(30 529 + 1419 m*‘), of which 84% arose from 
buried woody capsules. The number of species 
recorded from the seed bank trials was 38, of 
which 26 were exotic. Eleven species had not been 
recorded in the current vegetation and 53 species 
present in the vegetation were not recorded in these 
assessments of the seed bank. A summary of the 
soil seed bank densities is given in Table 3. 



No. 

Shrubs and vines 

Acacia metanoxwlon 

0 

*Lcnatera arborea 

193 

Clematis microphylla 

31 

Herbs 

Graminoids 

Poa poiformis 

1070 

*Ehrharla longijlora 

2069 

*Bromus diandrus 

2493 

*A\ena sterilis 

60 

Juncus pallidas 

42 

Dichelaclme crinila 

2 

Forbs (dicot) 

Tetragonia tetragonioides 

30 529±se 1314 

*Stetlaria media 

1227 

Geranium solanderi 

228 

Pelargonium australe 

20 

*Verbascum virgatum 

73 

*Trifolium glomeratum 

75 

*Galium aparine 

35 

Oxalis corniculatus 

104 

*Carduus pycnocephalus 

81 

*Hypocboeris radicata 

7 

*TrifoUum dubiurn 

13 

*Crepis capillaris 

34 

Senecio lautus 

35 

*Rlmphanus raphanistrum 

13 

*Sisymbrum officinale 

25 

*Modiolus carolinianus 

13 

*Cerastium glomeratum 

7 

* Veronica arvensis 

13 

*Lythrum hyssopifolium 

7 

Total 

.39 187 

% germinates of total; 

minus Tetragonia 

Shrubs 0.6 

2.6 

Graminoides 14.6 

66.2 

Forbs 84.8 

31.2 

Exotics 18.0 

81.7 


Table 3. Density of soil seed bank germination. May 
1992-February 1993. n = 20 sites over whole island: 
area = 225 cm-; depth = 5 cm; * = exotic species. 


Discussion 

The zonation of the communities around the 
island is consistent with the response to exposure 
to salt-laden wind and tidal inlluences. The 
vegetation of the island prior to the 19th Century 
was probably a scrub with a dense understorey 
of perennial tussock grass, scramblers and herbs. 
The dominance of grass and lack of sclerophyll 
species under such conditions suggests a response 
to soil fertility (Specht 1972). The abundance of 
rudcral species suggests a history of disturbance. 
The blackw'ood scrub is relatively uniform, although 
subcommunities can be recognised, especially at 
the margins where, in response to less competition 
but more exposure, Dianella revoluia, Senecio 
latiius and Geranium solanderi may be con¬ 
spicuous. Tetragonia tetragonioides, together with 
many weedy grasses and herbs, is common in the 
sparser areas of scrub. 

The conspicuous peripheral grass zone is 
probably a result of the tolerance of those species 
to aerial salt and wave splash as well as the 
freedom from competition of overstorcy shrubs. 
The admixture of halophytes in the peripheral zone 
increa.ses as the limit of high tides is approached. 
The zone immediately below this is often environ¬ 
mentally severe and growth is usually sparse. The 
rocky salt marsh is an unusual feature of the island 
and may be related to the balance of deposition 
and removal of sediment between the cobbles and 
the polygonal joints in the basalt. As expected, 
more sediment occurs on the sheltered eastern 
side of the island where the salt marsh tends to 
form closed communities particularly toward the 
limits of the neap high tides. On the exposed 
western side of the island the communities are very 
open. Zonation of species on the weathering shore 
platform is almost certainly due to both surface 
temperature and salinity fluctuations related to the 
balance of inundation and exposure over the 2 m 
tidal range. Continuous turfs of the brown alga, 
Honnosira banksii, only develop well below the 
neap low tide level. Mangrove plants arc rare and 
occur on a sparse veneer of cobbles and sediment 
at the level of neap low tide. However, the prc.sence 
of three recently established seedlings 30-40 cm 
high, as well as numerous germinated seed, 
suggests that this community may eventually 
develop further as has happened on basalt at 
Williamstown in Port Phillip Bay. Why it has 
not developed previously on Pelican Island is not 
known. 

The large complement of exotic species is likely 
to have been the result of human interference in 
sites of high fertility. Major species include annual 
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and perennial grasses and composites which are 
predominant especially where the blackwood over- 
storey is more open and senescent. The weed 
species are well represented in the soil seed bank 
and the number of indigenous species relatively 
few. The seed bank is overwhelmingly dominated 
by Telragonia tetragonioides and following disturb¬ 
ance, germination may occur from seed in the soil 
or those still contained in the capsules. In general, 
the vegetation apart from blackwood, appears to 
be relatively stable. 

THE ECOLOGICAL STATUS OF 
ACACIA MELANOXYLON 

The blackwood scrub on Pelican Island shows great 
variation in vigour. Over much of the island the 
shrubs are in various stages of die-back and 
recovery and regeneration appears to be poor. 
A fire had burnt 60% of the island immediately 
preceding aerial photography in 1956. This would 
have rejuvenated blackwood and possibly destroyed 
some peat but there is no evidence of this today. 
Much of the scrub is in a senescent state and since 
regeneration appears to be only occurring by 
vegetative means, the dynamics and variation of 
the blackwood population were studied in order to 
ascertain the origin of the scrub and its future 
development. 

Population structure 

Methods. The size (height and basal stem girth) 
of each blackwood was measured in the grid of 
4x1 m quadrats laid out for the floristic survey. 


The health class of each shrub was assessed 
qualitatively as: A, healthy; B, slight die-back; 
C, marked die-back; and D, completely dead. Since 
dying stems contained numerous grass-filled borer 
holes, segments of wood were incubated and the 
adult stages of the insects identified by Catriona 
MePhee of Museum Victoria. 

Results. Most of the blackwood scrub ranged in 
height from 2-A m, and towards the periphery of 
the stand was reduced in height to about I m. On 
the S-SW coast dense bushes are being pruned by 
the onshore salt wind into a smooth profile and 
on the exposed NW side of the island phyllodes 
were also conspicuously scorched at the edge of 
the stand. In the centre of the island a large patch 
of open scrub occurs where blackwood is of low 
density but up to 4 m tall. The ‘health score’ of 
the population shows large patches of degenerate 
bushes in the SW, centre and NE of the island. 
The healthiest area was on the SW coast where 
bushes were densest, most compact and most 
wind sheared. The distribution of mean height and 
percentage cover is shown in Figs 14A and 21 A. 
There is no evidence today of any even-aged stand 
structure which may have arisen following the 1956 
fire, possibly as a result of a rapid turnover of 
stems in the last 40 years due to insect attack. 
No significant height differences occur in black¬ 
wood present in sites burnt and unburnt in 1956. 
Regeneration occurs from stem bases and root 
suckers. The lack of any distinct age class supports 
the contention that there is little, if any, 
accumulation of A. melanoxylon seed in the soil 
seed bank and that most regeneration is vegetative 
(Fig. 22). 




Fig. 21. A, Height distributions of Acacia melanoxylon. B, Map of the two main populations (A and B) and 
the bush (2') based on isozyme analysis, wind pruning peripheral—especially in SW. 
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The frequency histogram of the basal stem girths 
shows a normal distribution for dead and dying 
categories but a tendency for increasing preponder¬ 
ance of smaller (and probably younger) classes in 
the more healthy categories. 

An examination of about 30 small plants 10- 
50 cm tall showed that all were derived from the 
shallow roots of nearby older bushes. No seedlings 
have ever been found in the field nor germinated 
from soil seed bank trials in the laboratory. 
Incubated stem samples yielded specimens of the 
fruit tree stem borer moth, Marogci unipunciaia 
Don. Although this insect is common and probably 
contributes to most of the damage, larger pupal 
cases in blackwood stems on the island indicated 
that other borers were also active. 


Phenology 

Blackwood shrubs on the island flowered 
abundantly in September over the 5 years of study 



Fig. 22. Root sucker of Acacia melanoxyhm beside 
parent shrub in the centre of the island. 


from 1992 to 1995 (Fig. 23), but each year most 
flowers aborted after 4-6 weeks. In a few places, 
small green fruits 1-2 mm long developed, but 
within another month these too, had disappeared. 
This occurred not only on the exposed sides of 
shrubs but also in dense stands in the centre-south 
of the island where there was substantial protection 
from salt wind. In 1995 however, a few localised 
plants in an area measuring 10x20 m on the 
NW of the island produced fertile seed (Fig. 21B) 
from which seedlings were raised. 


Phenotypic and genotypic variation 

Methods. Fifteen bushes which were heavily in 
bud, were cho.sen for detailed phenological 
investigation at widely spaced intervals over the 
island. Since there seemed to be differences in 
phyllode size in the northern and southern area, 
measurements of length, width degree of curvature, 
taper, length of pulvinus and position of extrafloral 


f 



Fig. 23. Flowering Acacia metanoxylon shoot (Sept¬ 
ember 1994). 
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nectary were made of 20 phyllodes from each bush 
using the criteria of Farrell & Ashton (1978). 
Samples of 50 phyllodes from each of 15 bushes 
were subjected to isozyme analysis by Dr Gavin 
Moran, (2S1RO, Canberra, using the methods of 
Muona et al. (1991) and Playford et al. (1993). 
Sixteen enzyme systems were assayed and 10 of 
these were scored for 16 isozyme loci. The heights 
of three bushes were measured at approximately 
10 intervals down the median transect of the island. 
The mean values of bushes from five sites on 
skeletal cobble-stone soil and five on peaty soil 
over silty clay or silty sand were compared by 
Student’s /-test. 

Results. Although variation occurred in all 
parameters, mean values across the island did 
not suggest any spatial correlation that would 
indicate different phenotypes. In general, phyllodes 
were shoner and broader than those found in 
nearby mainland sites although there was a 
tendency for phyllodes to be larger in the denser 
shrubbery on the SW coast than in the open scrub 
at the NE tip of the island. The mean height of 
A. melanoxylon bushes on deeper soil with a silty 
subsoil was significantly greater (2.80 m) than 
that on skeletal soil (2.28 m) (p < 0.05), due 
possibly to greater moisture storage of the substrate. 
The analysis of foliar isozymes demonstrated that 
two major groups were present. The multilocus 
genotype for each bush is given in Table 4. The 
alleles are designated by numbers which indicate 
the relative rate of migration on the gel, allele 1 
being the fastest allele found in studies on 
A. melanoxylon. The larger group (1) with 14 loci 
in common, occurred in the northeastern two-thirds 
of the island whilst a smaller group (2) occurred 
at the SW end and differed from the former in 
two loci (Mdh-3 and Aat-2). One bush (2') near 
the boundary of the two groups on the NW coast, 
differed from group B at two additional loci 
(Fig. 20B). 


Discussion 

The depauperate form of A. melanoxylon on Pelican 
Island represents the extreme limit of expression 
of this wide-ranging eastern Australian species 
(Farrell & Ashton 1978). 

The uneven vigour of the A. melanoxylon bushes 
is a conspicuous feature of the island population. 
This is due largely to the chronic attack by stem¬ 
boring moth larvae. Shrubs tend to recover either 
by sprouting low down on the stem or by means 
of root suckers from shallow lateral roots. Some 
shrubs indicate recovery from several episodes of 
die-back. No seedlings have ever been observed. 
It is also notable that the healthiest bushes are 
densest in the SW where salt spray has pruned 
them into a smooth profile on the windward side. 
It is possible that this isolated community is not 
well buffered biologically and that insect attack of 
the scrub is largely unchecked. On the mainland 
and on the much larger French Island, stem-borer 
damage is insignificant. It is also possible that 
the stress of salt spray damage could lead to 
more successful inscet attack. In spite of damage, 
root sucker vegetative regeneration has maintained 
the dominance of the population. The death of 
fiowers and immature fruits is not likely to be due 
entirely to the presence of aerial salt since, although 
this would be minimal in the interior of dense 
scrub sites in the centre SE of the island, no 
retention of llowers occurred there. According to 
Dr Josephine Kenrick (pers. comm.) such death of 
flowers and young fruit is more likely to be due 
either to self incompatibility or to an insufficient 
number of the 16 cell polyad being capable of 
effecting fertilisation. However, in 1996, a small 
group of plants in the NW side in the shelter of 
a larger group of plants produced fertile seed with 
a germination rate greater than 80%. It is possible 
that this was an unusual event as a result of either 
minimal salt winds at a crucial period of seed pod 
development or to chance pollination from trees 


Grouping 

Locus 







Specimen number 







- 

1 

2 

3 

4 

- 1 

5 

i 

6 

7 

8 

9 

w 

12 

11 

10 

13 

14 

15 

Aat-2 

II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

12 

12 

12 

12 

12 

Mdh-3 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

23 

23 

23 

23 

23 

Ugp-2 

13 

13 

13 

13 

13 

13 

13 

13 

13 

13 

14 

13 

13 

13 

13 

Aat-3 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

23 

22 

22 

22 

22 


Table 4. Isozyme analysis of Acacia melanoxylon foliage. The following loci were found in all samples: Pgm, 
Sdh, Mdh-I, Pgd-I, Pgd-2, Pgd-3, Gdg-I, Idh, Per-1, Per-3. 
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on French Island 2 km to the west or Corinella 
1 km to the east. No other bushes on the island 
showed fertile pods in that year. 


The phenological variation of the phyllode 
features is not great and no consistent combinations 
occur in any interpretable pattern. The tendency 


Blackwood scrub and grasses 




Cobble-ridge building 


Detritus accumulation 



Exposed hilltop, small salt marsh, cobble veneer 


H 



Fig. 24. Scheme of the development of vegetation on Pelican Island postulated since mid Holocene. 
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for smaller phyllodes to occur in the NE end of 
the island than the SW may be an environmental 
response, although the amount of salt spray damage 
in both sites is similar. The homogeneity of the 
two main isozyme groups suggest their clonal 
origin. It seems likely that the two groups are the 
result of two seeds being dispersed to different 
parts of the island. The single bush showing distinct 
differences may be a half sibling or a recent arrival. 
The lack of seed in the soil .seed bank is likely 
to be due to the general lack of .seed production, 
although clearly there may be on rare occasions, 
localised additions of seed to the seed bank. 

The hypothesis sugge.sted for presence and 
distribution of this species is that chance .seed 
dispersal took place following the fall of sea level 
in mid Holocene times (5000-6000 yr BP) when 
the accumulation of cobble-stone ridges and the 
development of herbaceous swards created pro¬ 
tected niches for seedling establishment. Blackwood 
appears to have persisted largely as root-suckering 
clones. The limited genetic variability may also 
contribute to the inability to resist stem-boring 
attack. The site is unusual for this species. On the 
nearby mainland coast 4. melanoxylon is found in 
sheltered sites or distributed well back from the 
exposed coast where it reaches heights 3-4 times 
greater than on Pelican Island. On Bennison Island, 
a small granitic outcrop in the SW of Corner Inlet, 
A. melanoxylon is protected by boulders and 
thickets of Melaleuca ericifoUa (Barson & Calder 
1976). The occurrence of a pure stand on the 
exposed habitat provided by Pelican Island is 
therefore unusual for this species. 

The future of the A. melanoxylon population on 
F’elican Island is probably precarious, since it is 
only slightly above high tide range, of a limited 
genetic resource and under persistent attack by 
wood-boring insects. It is possible that the initial 
distribution was due to bird dispersal, since the 
attachment of seed by a long funicle from the 
pod had been shown by O’Dowd & Gill (1986) 
to be attractive to birds. Silvereyes (Zosieivps 
lateralis) may have been involved given their 
preference for arils and their ability to By long 
distances (French 1990). The initial dispersal of 
A. melanoxylon may have been due to a chance 
combination of circumstances when the island 
became available for colonisation after a fall in 
relative sea level in mid Holocene times. Its sub¬ 
sequent continuance has probably been a result of 
chance events which have so far excluded more 
competitive woody species from nearby sites from 
reaching the island. It seems most unlikely that 
the indigenous species present today could be 
remnants cither of the glacial phases of the 


Pleistocene when sea levels were over 100 m lower 
than today (Gill 1961) and the whole of We.stern 
Port was dry land, or of the early Holocene when 
Pelican Island would have been a broad hilltop 
awash at high tide. The ecosystem present today 
appears to have developed in the last 50CK)- 
6000 years and thus encapsulates many of the 
historical processes operating in Western Port 
since that time. A scheme for such development 
is shown in Fig. 24. 
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AIZOACEAE 

APIACEAE 

ASTERACEAE 


BRASSICACEAE 

CAMPANULACEAE 

CARYOPHYLLACEAE 

CONVOLVULACEAE 

CHENOPODIACEAE 


EUPHORBIACEAE 

FABACEAE 

GENTIANACEAE 

GERANIACEAE 

GOODENIACEAE 

LYTHRACEAE 

MALVACEAE 

MIMOSACEAE 


Disphyma crassifolium 
Telragonia telragunioides 

Apium pwstratum 

* Aster suhulaius 
*Carduus pycnocephalus 
*Conyza albidu 
*Crepis capillaris 
*Hypochoeris radkata 
*Lacluca saligna 
*Leontodon taraxacoides 

Senccio lauiiis 
*Sonchus oleraceus 
*S(mclius asper 
*Silyhum marianum 

*Cakile maritima 
*Rapbanus raphiinistrum 

* Sisymbrium officintde 

Wahlenbergia gracilis 

*Ceraslium glomeratum 
*Polycarpon tetraphyllum 
*Silene gallica 
*Sleltaria media 

Dichondra repens 

Atriplex cinerea 
Alriplex paludosa 
*Atriplex prostrata 
Chenopodium glaucum 
Enchylaena tomentosa 
Hemichroa pentandra 
Sarcocornia quinqueflora 
Sclerostegia arbuscula 
Suaeda australis 

*Euphorbia sp. 

*Medicago polyniorpha 
*Trifolium glomeratum 

*Centaurium tenuiflorum 

Geranium solanderi 
Pelargonium australe 

Selliera radicans 

Lythrum hyssopifolium 

*Uivatera arborea 
*Modiola carolinianus 

Acacia melanoxylon 


MYOPORACEAE 

ONAGRACEAE 

OXALIDACEAE 

PLANTAGINACEAE 

POLYGONACEAE 

PRIMULACEAE 

RANUNCULACEAE 

ROSACEAE 

RUBIACEAE 

SCROPHULARIACEAE 

SOLANACEAE 

VERBENACEAE 

CYPERACEAE 

IRIDACEAE 

JUNCACEAE 

LILIACEAE 

POACEAE 


ZOSTERACEAE 


Myoporum insulare 

Epilobium sp. 

Oxalis corniculatus 
*Oxalis pes-caprae 

*Plantago coronopus 

Muehlenbeckia adpressa 
Rumex brownii 
*Rumex crispus 

*Anagallis arvensis 
Samolus repens 

Clematis microphylla 

Rubus parvifolius 
Acaena novae-zelandiae 

*Galium aparine 

*Verbascum virgatum 
* Veronica arvensis 

*Solanum nigrum 

Avicennia marina 


Isolepis nodosus 

* Gladiolus sp. 

Juncus kraussii 
J. pallidas 

Dianella revoluta var. 
brevicaulis 

*Avena sterilis spp. 

ludoviciana 
*Briza maxima 
*Bromus diandrus 
Dantiwnia racemosa 
Dichelachne crinita 
Distichlis dicticbopbylla 
*Ehrharta longiflora 
*Holcus lanatus 
*Parapholis strigosa 
Poa labillardierei 
P. poiformis 
Puccinellia stricta 
Austrostipu stipoides 
*Thinopyrum junceiforme 

Zostera muelleri 


Total species = 80; % exotic species = 48.8 


Appendix. Vascular plant species list for Pelican Island, Western Port Bay, compiled 3 April 1993 by D. Albrecht, 
J. Yugovic & I. Clarke. *= exotic species. 









ADDITIONAL SPECIMENS OF EARLY PERMIAN BRACHIOPODS 
FROM THE CALLYTHARRA FORMATION, CARNARVON BASIN, 
WESTERN AUSTRALIA: NEW MORPHOLOGICAL DATA 


T. Hogeboom & N. W. Archbold 

School of Ecology and Environincnt, Dcakin University, Rusden Campus, 

662 Blackburn Road, Clayton, Victoria 3168, Australia 

Hogeboom, T. & Archbold, N. W., 1999:11:30. Additional specimens of Early Pennian 
brachiopods from the Callytharra Formation, Carnarvon Basin, Western Australia: 
New morphological data. Proceedings of the Royal Societ\ of Victoria 111(2): 255-269. 
ISSN 0035-9211. 

New fossil brachiopod material from the Sakmarian (Sterlitaniakian) part of the 
Callytharra Fonnation, Ciunarvon Basin. Western Australia, is reviewed and described. New 
taxa described are the new species Neospirifer (Quadrospira) preplicatus Hogeboom and the 
new genus Wooramella Archbold. New records of species from the Callytharra Fonnation are 
Tomqidstia sp. cf. T. subijuadratus Archbold (1990) and Taeniothaerus irwinensis Coleman 
(1957). Additional morphological details are described for the species Callytlmrrella 
callytharrensis (Prendergasi 1943). 

Key words: Permian, Brachiopoda, Western Australia, Callytharra Formation, new taxa. 


EARLY PERMIAN marine faunas and strati- 
graphical .sequences are well developed in Western 
Australia. The most complete sequence of faunas 
is to be found in the onshore Carnarvon Basin 
(including the Merlinleigh and Byro Sub-basins; 
Figs 1, 2). Faunal zonation of the Early Permian 
(Archbold 1998a) is accompanied by detailed 
palynological biostratigraphy (Mory & Backhouse 
1997). The Permian of the Carnarvon Basin was 
first recorded by Gregory (1861) and the first 
brachiopod fossils were de,scribed by Foord (1890). 
Much of Foord’s material, collected by Mr Harry 
Page Woodward, then Western Australian Govern¬ 
ment Geologist, appears to have come from one 
of the most fossiliferous of the Early Permian units 
specifically the Callytharra Formation. The present 
report adds to those records or provides new 
morphological data on species previously described. 


STRATIGRAPHY AND AGE 

The stratigraphy of the Permian sequences of the 
Carnarvon Basin has been described by Condon 
(1967) and Hocking et al. (1987). Condon (1967: 
64-74) provided details of the type section of the 
Callytharra Formation (about 101 m thick, located 
about 110 km west of Callytharra Springs, adjacent 
to the Wooramel River; see Fig. 3 herein) and 12 
reference .sections—10 based on outcrops, 2 based 
on bore cores—measured at localities along the 
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390 km extent of outcrop of the unit (Fig. 4). 
Hocking et al. (1987; 76-80) noted that two broad 
facies occur within the Callytharra Formation—a 
fine grained facies which dominates the lower part 
of the Formation and a calcarenitc facies, often 
strongly cemented, dominating the upper part. The 
latter facies is poorly developed in the region of 
the type section and this accounts for the excellent 
preservation of delicate fossils from the Wooramel 
River Area, such as those illustrated herein. 

On the basis of interpretations of subsurface 
stratigraphy of bore cores, modifications to the 
understanding of the Callytharra Formation have 
been proposed by Mory (1996) and Mory & 
Backhouse (1997). These modifications essentially 
effect the upper parts of the formation as now 
defined in terms of quartz sandstone members 
and upward extenlions of the definition of the 
unit to include the Jimba Jimba Calcarenite. The 



Fig. 2. Structural subdivisions of the Carnarvon Basin, 
Western Australia. 


Callytharra Formation, as defined by these authors, 
includes, from the base, the palynomorph zones of 
Pseiuloreticulatispora pseiidoreticulata, Striatopod- 
ocarpites fusus and the base of the Microbaculi- 
spora irisina Zone (Mory & Backhouse 1997). 
In terms of brachiopod zones, the unit includes 
the Sirophalosia invineiisis Zone followed by 
the Stroplialosia jimbaensis Zone (Archbold 1993, 
1998b). Ba.sed on the new definition of the 
Callytharra Formation, all material described and 
illustrated herein comes from the lower part of 
the Formation (ie. the unit in the sense of Condon 
1967 and Hocking et al. 1987)—specifically the 
Stroplialosia invinensis Zone. 

The age of the Stroplialosia invinensis brachio¬ 
pod zone, in terms of the international subdivisions 
of the Permian Period, is best constrained by 
ammonoids that occur in the zone as part of the 
total fauna. The ammonoids (sec Leonova 1998 
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and Archbold 1998a) indicate a Sakmarian age 
and more specifically point to a Late Sakmarian 
(Sterlitamakian) age. The upper part of the 
Callytharra Formation (as defined by Mory & 
Backhouse 1997) appears to extend into the 
Artinskian (Aktastinian) as indicated by Archbold 
(1993) and Archbold & Shi (1993) and includes 
the Strophalosia jimbaensis brachiopod zone. 


MATERIAL AND LOCALITIES 

All specimens described and illustrated herein are 
derived from the region of the type section of the 
Callytharra Formation near the Wooramel River and 
were collected by Drs Arthur Mory and John 
Backhouse of the Geological Survey of Western 
Australia. Specimens are registered and housed with 
the Geological Survey of Western Australia, Perth 
(GSWA). Preservation of material is as original 
calcite shells with some crushing of the more 
delicate specimens. 



Fig. 4. Outcrop distribution of the Callytharra Fonnation 
in the Carnarvon Basin (shown in black). 


Specific localities are: 

GSWA Locality 144110 (AMG East 349480, 
AMG North 7137030), near Callytharra Springs, 
from second gully south of track, type section 
of Callytharra Fonnation. (Specimens GSWA 
F51004. 51007-51012, 51014-51015.) 

GSWA Locality 144111, as for 144110, from 
fourth gully south of track. (Specimens GSWA 
F51005-51006, 51013.) 

GSWA general locality, base of type section, 
weathered and loose surface material. (Specimens 
GSWA F51003.) 


BRACHIOPOD FAUNA OF THE 
STROPHALOSIA IRWINENSIS ZONE, 
CALLYTHARRA FORMATION 

As presently defined, the Strophalosia irwinensis 
Zone of the Callytharra Formation, Carnarvon 
Basin, is characterised by the most diverse 
assemblage of brachiopods of any zone of the 
Western Australian marine Permian sequences. 
Over 40 species have been documented and several 
additional, rare species await description. The 
following species are known from the Callytharra 
Formation. The list includes the new records 
described herein; Pennorthotetes callytluirrensis 
Thomas, Pennorthotetes camerata Thomas, Arcti- 
treta plicatilis (Hosking), Tornqiiistia occidentalis 
Archbold, Tornqiiistia cf. stibqiiadratns Archbold, 
Neochonetes (Sommeriella) prattii (Davidson), 
Strophalosia invinensis Coleman, Etherilosia 
etheridgei (Prendergast), Aidosteges baracoodensis 
Etheridge, Aidosteges spinosus Hosking, Taenio- 
thaeriis irwinensis Coleman, Wooramella senticosa 
(Hosking), Comuquia australis Archbold, Lethaniia? 
obscurus Archbold, Dyscrestia micracantha (Hosk¬ 
ing), Callytharrella callytharrensis (Prendergast), 
Costatumulus irwinensis (Archbold), Glohiella 
foordi (Etheridge), Camerisma callytharrensis 
(Hosking), Stenoscisma sp. nov., Myodelthyriiim 
dickinsi (Thomas), Cyrtella? sp., Ne.ospirifer 
(Qiiadrospira) hardmani (Foord), Neospirifer (Neo- 
spirifer) foordi Archbold & Thomas, Neospirifer 
(Qiiadrospira) preplicatus Hogeboom, Neospirifer 
sp., Latispirifer callytharrensis Archbold & Thomas, 
Trigonotreta neoaustralis Archbold & Thomas, 
Crassispirifer sp., Imperiospira dickinsi Archbold 
& Thomas, Elivina hoskingae Archbold & Thomas, 
Spirelytha fredericksi Archbold & Thomas. Phrico- 
dothyris occidentalis Archbold & Thomas, Tomi- 
opsis woodwardi Archbold & Thomas, Tomiopsis 
sp., Fredericksia? sp. nov., Gjclispinifera decipiens 
(Hosking), Lamnaespina papilionata (Hosking), 
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Callispirina sp. nov., Hustedia sp. nov., Cleiothy- 
ridina haracoodensis Etheridge and Fletcherithyris 
sp. cf. F. hardmani Campbell. 

At present, 19 of the above species (all known 
from the lower Callytharra Formation) are known 
from the correlative Fossil Cliff Formation of 
the Penh Basin (Archbold 1998b: 90). The 
Strophalosia irwinensis Zone is also recognised in 
the Canning Basin but 3 additional species, not 
known further south, are present in the assemblages, 
ie. Permortholetes lindneri Thomas. Cyriella koopi 
Archbold and Cratispirifer nuraensis Archbold & 
Thomas. 


SYSTEMATIC PALAEONTOLOGY 

Order CHONETIDA Nalivkin, 1979 
Suborder CHONETIDINA Muir-Wood, 1955 
Superfamily CHONETOIDEA Bronn, 1862 
Family ANOPLIIDAE Muir-Wood, 1962 
Subfamily ANOPLIINAE Muir-Wood, 1962 

Genus Tomquistia Paeckelmann, 1930 
Type species. Leptaena (Chonetes) polita McCoy, 1852. 

Tomquistia sp. cf. T. subquadratiis 
Archbold, 1990 

Fig. 5A-C 

Material. GSWA F51003. a complete conjoined shell 
from weathered, loose surface material from the base of 
the type section of the Callytharra Formation. 

Measurements. Maximum width (hinge width) = 9.7 mm; 
height of ventral valve = 7.1mm; height of dorsal 
valve = 5.9 mrn; height of ventral intcrarca = 0.6 mm; 
height of dorsal interarea = 0.5 mm; shell thickness = 
3.8 mm. 

Comments. This single, well preserved specimen 
is placed on record and illustrated in view of its 
subquadratc outline and strongly convex ventral 
valve. The convexity of the ventral valve is evenly 
arched across the lateral valve flanks and hence is 
distinct from the ventral convexity of Tomquistia 
occidentalis Archbold (1980; pi. 25, figs lb, Ic, 


4b). Tomquistia subquadratus Archbold (1990) 
from the Sterlitamakian Cuncudgerie Sandstone of 
the Canning Basin possesses a more evenly convex 
ventral valve like that of the present specimen. 
Interior details are not known for this specimen. 

Order PRODUCTIDA 
Sarycheva & Sokolskaya, 1959 

Suborder PRODUCTIDINA Waagen. 1883 

Superfamily AULOSTEGOIDEA 
Muir-Wood & Cooper, 1960 

Family AULOSTEGIDAE 
Muir-Wood & Cooper, 1960 

Subfamily AULOSTEGINAE 
Muir-Wood & Cooper, 1960 

Genus Taeniothaerus Whitehou.se, 1928 

Type species. Productus .subquadratus Morris, 1845. 

Comments. Recent reviews of the type species 
and scope of the genus have been provided by 
Parfrey (1983) and Briggs (1998) and are accepted 
herein. Taeniothaerus irwinensis Coleman (1957) 
is unusual for the genus in view of its very low 
and narrow ventral interarea and the virtual absence 
or minor development of the cicatrix of attachment. 

Taeniothaerus irwinensis Coleman, 1957 
Fig. 5D-F 

Taeniothaerus cf, irsvinensis —Archbold 1990: 7, figs 3D- 
H. 4A-E. 

Taeniothaerus irwinensis —Archbold et al. 1993: micro¬ 
fiche p. 46, pi. 30, figs 3, 5, 6. 9. (cum. syn.) 

Comments. The occurrence of this species in the 
Callytharra fauna could not be confirmed by the 
survey of collections for the review by Archbold 
el al. (1993), Tlic newly discovered specimen of 
an incomplete ventral valve (GSWA F51004), 
however leaves no doubt as to the species’ presence 
in the fauna. The specimen possesses the character¬ 
istic ventral spine type and pattern, the weakly 
developed sulcus and the distinctive low ventral 
intcrarea (1.2 mm). The umbo is rounded, incurved 
and the ventral cicatrix of attachment is absent. 


Fig. 5. A-C, Tomquistia sp. cf T. subquadratus Archbold, GSWA F5I003, shell in dorsal, posterior and ventral 
views, x4.5. D-F, Taeniothaerus irwinensis Coleman, GSWA F51004, incomplete ventral valve in external views, 
X 1.5 and x 1.0, and internal view, x 1.5. G-P, Wooramella senticosa (Hosking), G-K, GSWA F5I(X)5, shell in 
dorsal, ventral and anterior views, x 1.25, and ventral and dorsal views, x 1. L-P, GSWA F51006, shell in dorsal 
and ventral views and anterior view, x 1.5 and x I .O. 
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Superfamily PRODUCTELLOIDEA 
Schuchcrt & Le Vene, 1929 

Family OVERTONllDAE 
Muir-Wood & Cooper, 1960 

Subfamily TUBERS ULCULINAE 
Waterhouse, 1971 

Genus Wooramella Archbold gen. nov. 

Type species. Pustula senticosa Hosking, 1933, from the 
area of the type section of the Callytharra Formation, 
near Callytharra Springs, Wooramel River area. 

Diagnosis. Concavo-convex shells with ornament 
of relatively coarse spines in concentric rows. Spine 
ridges imparting a coarse, costatc appearance to 
ventral valve anteriorly at maturity, not developed 
posteriorly or over visceral disk. Spines absent on 
ears. Concentric growth lines pre.scnt, diverging 
from umbones close to hinge line. Cardinal process 
low, bilobed. Dorsal septum short, thin. Ventral 
interior unknown. 

Discussion. The rare type species of this new 
genus was compared with and assigned to Sticio- 
zoster by Grant (1976: 12) and Archbold (1984: 
83) and assigned to Letiuimia by Waterhouse (1981: 
74). Waterhouse subsequently (1986: 36) questioned 
the assignment of the species to Stictozoster, 
noticing the coarser spines and that ‘the critical 
details of the interior remain somewhat obscure’. 
The discovery of two additional specimens of the 
type species from the same local area as the original 
type material increases the data on the exterior 
morphology of the species and indicates that it 
belongs to a distinctive new genus. 

Stictozoster was proposed by Grant (1976) for 
a strongly concavo-convex relatively small species, 
S. leptus Grant, from the mid-Pennian (Ufimian) 
Rat Buri Limestone of Peninsular Thailand (see 
Archbold 1999 for a discussion of recent ideas on 
the age of the Rat Buri Limestone). Stictozoster 
leptus possesses fine spines that arc closely spaced, 
and arranged in closely spaced concentric rows. 
The dorsal interior possesses a thin, delicate median 
septum and a small bilobed cardinal process. On 
the basis of the similar dorsal internal structures. 
Archbold (1984) assigned Pustula senticosa 
Hosking to Stictozoster while noting that ‘the main 
difficulty in assigning (the species) to Stictozoster 
is the ornament of external coarse spines’. The 
coarser spines of Hosking’s species were also 
noted by Waterhouse (1981: 74). Other species and 
records, based on external shell details, that are 


referred to Stictozoster include: Productus licltarewi 
Frebold (1942: 38, pi. 3, figs 7-9) from the mid- 
Permian Productus Limestone of Kap Stosch, 
Greenland, and its probable junior synonym 
Krotovia nielseni Dunbar (1955: 84, pi. 8, figs 
1-6) from the same locality and horizon; Krotovia 
licluirewi of Gobbett (1964: 59, pi. 3, figs 1-10) 
from younger mid-Permian beds of the Middle 
Brachiopod Chert, Spitzbergen; Stictozoster cf 
5. leptus of Archbold (1981: 10, pi. 1, figs 10, 
14, 15) from the Ufimian Aifat Formation of 
Irian Jaya; Stictozoster? sp. Waterhouse (1981: 74, 
pi. 8, fig. 2) from the possible Artinskian Ko Yao 
Noi Formation, Peninsular Thailand; Stictozoster 
sp. Archbold (1992; 294, fig. 5L) from the 
Artinskian Aiduna Formation, Irian Jaya; Sticto¬ 
zoster lata Shi & Waterhouse (1991; 28, figs 2- 
11, 12, 13, 15 non cet.) from the Late Sakmarian 
to early Artinskian Nam Loong Beds, Perak, 
Malaysia (other specimens figured as this species 
by Shi & Waterhouse [1991: figs 2-14, 17, 18] 
are excluded because they possess pronounced 
spine ridges); Stictozoster sp. Archbold & Barkham 
(1989: fig. 3D-E) from the Stcrlitamakian Maubisse 
Formation of Bisnain, Timor; and both Productus 
dussaulti and P. propinquus Mansuy (1913; 34, 
pi. 2, figs 10, 11) from the Early Permian Productus 
Limestones of Kham-kcut, Laos. Possibly allied arc 
Productus iakovlevi Chernyshev (1902: 300, pi. 56, 
figs 17-19) from the Sakmarian of Mt Sik’-Takty, 
Russia; the Productus iakovlevi laosensis Mansuy 
(1913; 41, pi. 3, fig. 9) from the Early Permian 
of Kham-kcut, Laos, and Productella tenuispina 
Mansuy (1912; 43, pi. 8, fig. I3a-b) from the 
Upper Permian of Ban Na-Hai, northern Laos, all 
forms with very fine spines. 

The genus Markamia Jin & Shi 1985 (type 
species Markamia transversa Jin & Shi 1985, 
in Jin ct al. 1985; 192, pi. 11, figs 2, 3), from 
the Lizha Formation of Markham County, East 
Qinghai-Xizang Plateau, is of Late Carboniferous 
to Earliest Permian age. It is a form close to 
Stictozoster. with a rounded outline and fine spines 
in concentric rows and is allied to the Productus 
iakovlevi Chernyshev group of species. 

All of the above reports represent species that 
possess growth lines that converge towards the 
umbones at the hinge line, very fine body spines 
arranged in distinct concentric rows and also 
present on the small ears and lack the development 
of coarse spine ridges anteriorly at maturity. 

A relatively similar genus to Wooramella is 
Lethamia Watcrhou.se (1973: 38, figs 2—4, 5) with 
several species well described by Waterhouse (1982, 
1986) and Briggs (1998) from Artinskian to Midian 
strata of eastern Australia and New Zealand. 
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Lethamia is distinguished from Wooramella by its 
finer spines, which are ‘dense on ears’ (Waterhouse 
1973: 38, 1982: 42), growth lines that normally 
converge towards the umbones at the hinge line 
(imparting a rounded outline to the shell) and 
lack of spine ridges anteriorly at maturity. Contrary 
to the statement by Waterhouse (1986: 35) that 
Archbold (1984) had ‘misrepresented the dorsal 
median septum of Lethamia as being always 
massive and raised anteriorly’, nowhere did 
Archbold describe it as massive and his text 
makes it clear that he was discussing mature 
specimens in his comparisons. No juvenile shells 
were described by Waterhouse (1973, 1982) and 
he stated unambiguously that the dorsal median 
septum increased ‘anteriorly in width and height’ 
(op. cit., 1973: 40, 1982: 43) and hence is quite 
unlike that of mature Wooramella senticosa (sec 
Archbold 1984: fig. ID-E). It is to be expected 
that juvenile Lethamia would possess a much 
more delicate structure but this was not figured by 
Waterhouse (cf. Waterhouse 1982: pi. 9, figs F, I). 

The Queensland Artinskian species Lethamia 
rara Briggs (1998: 127, fig. 65A-F) is of note as 
the only species of the genus that is widest at the 
hinge indicating a weakly developed divergence 
of growth stages away from the umbones at the 
hinge line. However, spines are more concentrated 
and slightly coarser on the cars unlike those of 
Wooramella which are absent on the ears and spines 
arc somewhat scattered over the ventral valve. 

A non Gondwanan species that may be 
allied to Wooramella is Productus piistulatiis 
von Kcyserling (1853: 247), a species figured by 
Grunewaldt (1860: 127, pi. 3, fig. 3) and 

Chernyshev (1902: 271, pi. 30, figs 1, 2; pi. 51, 
figs 5, 6) from the Sakmarian of the Urals that 
possess relatively coarse spines, at times absent on 
ears (cf. Chernyshev 1902: pi. 53, fig. 5b; pi. 30, 
fig. la-b) and growth lines that diverge from the 
umbones close to the hinge line (Chernyshev 1902: 
pi. 30, fig. 2c). Subsequent records of the species 
vary in other details. Reports of the species from 
the Early Permian of the Taimyr Peninsular (Einor 
1946: 32, pi. 5, figs 3-6; Ustritskiy & Chernyak 
1963: 74, pi. 4, figs 5-6) arc of small specimens 
with coarse spines and less transverse outline. 
G/.hclian records from Bashkiria are of specimens 
with fine spines on the cars (Stepanov 1948: 
28, pi. 5, fig. 6) or with no ear spines and 
growth lines that deflect outwards at the hinge 
(Mironova 1967: 14, pi. 1, figs 16, 17). Sarycheva 
& Sokolskaya (1952: pi. 14, fig. 100) figured a 
Gzhelian specimen with coarse spines arranged 
in quinqunx but absent over the ears. Productus 
(Avonia) pustulatus var. stepanovi Kulikov (1939: 


160, pi. 2, fig. 4) from the Sakmarian of the 
southern Urals is a form with coarse spines, 
apparently absent from the cars, and appears closer 
to Chernyshev’s (1902) material. TTie Chinese 
record of the species (Chao 1928: 52, pi. 5, figs 
18-20) is a Late Carboniferous form of moderate 
size and distinct car spines. 

Wooramella senticosa (Hosking, 1933) 

Fig. 5G-P 

Stictozoster senticosa —Archbold. 1984: 83, fig. lA-H 
(cum. syn.) —Archbold et al.. 1993: microfiche 52, 
pi. 33, figs 1-3.—Archbold & -Shi, 1995: figs 5-8, 9. 

Material. Two somewhat crushed but complete shells 
(GSWA F51005-51(K)6) from GSWA Locality 144111, 
Callylharra Fomiation type section. 

Comments. The syntypic series of three specimens 
has been described and figured by Hosking (1933: 
47, pi. 3, figs 2-3), Coleman (1957: 63, pi. 7, figs 
11-15) and Archbold (1984: 83, fig. lA-H). 
The new material provides data on the true nature 
of the growth lines diverging from the umbones 
close to the hinge line and the formation of a 
smooth area of the ears with an absence of spines 
on the cars of both valves. This posteriorly 
developed smooth region coincides with the region 
where the growth lines diverge. The specimens of 
the syntypic series all possessed damaged cars (as, 
to some extent, the new specimens) and hence this 
distinctive feature is not apparent but it is well 
shown by GSWA F51(X)5 (Fig. 5G-K herein). The 
new material (GSWA F51006) also shows the 
variable development of prominent spine ridges 
on the external ventral trail at maturity. The new 
specimens do not add to the knowledge of the 
shell interior. 

Superfamily PRODUCTOIDEA Gray, 1840 
Family DICTYOCLOSTIDAE Stehli, 1954 
Subfamily DICTYOCLOSTINAE Stehli, 1954 

Genus Callytharrella Archbold, 1985 

Type species. Dictyoclostus callytharrensis Prendergast, 
1943. 

Ccdlytharrella callytharrensis (Prendergast, 1943) 
Figs 6A-I, 7A-E 
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Callylharrella callytharrensis —Archbold, 1985; 19, figs 
lA-T, 2A-F, 3A-H (cum. syn.). —Archbold ct al., 
1993: microfiche 58, pi. 34, figs 1-5 (cum. syn .).— 
Archbold & Shi, 1993: 189, fig. 3N-0.—Archbold & 
Shi, 1995: 210, figs 5-20, 21. 

Material. A well preserved, though crushed suite of six 
specimens (GSWA F51007-51012) from GSWA Locality 
144110, Callytharra Formation, type section. 

Comments. Although this species has been rather 
fully described by Prendergast (1943), Coleman 


(1957) and Archbold (1985), the new material 
provides significant additional data on the nature 
of the ears and the development of the spines and 
costae associated with them. The ears of mature 
specimens are often damaged or broken off 
completely during preservation or collecting (eg. 
Fig. 7C herein). The new material also demonstrates 
the pattern of widely spaced dimples (corresponding 
to spines on the ventral valve) on the dorsal valve 
exterior (Figs 6G, 7D herein). 



Fig. 7. A-E, Callytharrella callytharrensis (Prendergast). A, B, D, E, GSWA F51011, shell in ventral and dorsal 
views, X I, and ear in two views, x4. C, GSWA F51012, shell in dorsal view, x 1. 


Fig. 6. A-I, Callytharrella callytharrensis (Prendergast). A, D, GSWA F51007, shell in ventral view, x 1 and 
ear enlarged, x2. B, C. H, GSWA F5I008. shell in ventral and posterior views, x I. car enlarged, x2. E, GSWA 
F51009, shell in ventral view, x 1. F, G, 1, GSWA F510I0, shell in ventral and dorsal views, x 1, ear enlarged, 
x2. 








264 


T. HOGEBOOM AND N. W. ARCHBOLD 


Coleman (1957: 55) noted that the ears ‘are 
large and reflexed, separated from the body of the 
shell by a fold bearing a row of spines (3-4) of 
large size’, as indicated by one of his illustrated 
specimens (op. cit., pi. 6, fig. 8, left ear). This 
feature, not evident on the specimens described by 
Archbold (1985). is shown by one of the new 
specimens (GSVVA F510II; Fig. 7A, B, E, herein). 
During crushing, the ears tend to break at about 
the position of this fold (or ‘crinkle’) hence 
obscuring recognition of the feature. This ‘crinkle’ 
does not appear to develop on all specimens and 
hence is not a stable feature of the species. Spines 
are arranged along the ‘crinkle’ or in a position 
comparable to that of the ‘crinkle’, with the maxi¬ 
mum number of spines being five but normally up 
to four. Costae develop on the lateral extensions 
of the ears at maturity and become more pro¬ 
nounced on gerontic individuals where they curve 
around the enrolled ears. 


Order SPIRIFERIDA Waagen, 1883 
Suborder SPIRIFERIDINA Waagen, 1883 
Superfamily SPIRIFEROIDEA King, 1846 
Family SPIRIFERIDAE King. 1846 
Subfamily NEOSPIRIFERINAE Waterhouse, 1968 

Genus Neospirifer Fredericks, 1923 

Type species. Spirifer fasciger von Keyserling, 1846 
from the Early Pennian of the Soiva River, tributary of 
the Pechora River, south Timan. 

Comments. Since the review of Neospirifer by 
Archbold & Thomas (1984), who figured excellent 
quality replicas of von Keyserling’s syntypic series 
of Spirifer fasciger, the scope and definition of the 
genus have been considered recently by Abramov 
& Grigor’eva (1988), Poletaev (1997), Archbold 
(1997) and Kalashnikov (1998). Abramov & 
Grigor’eva (1988) reassigned numerous species, 
previously included within Neospirifer, to other 
related genera. Poletaev (1997) redescribed the 
syntypic series of Spirifer fasciger and tightened 
the diagnosis of Neospirifer to include only species 


with an acute crest to the dorsal fastigium. Species 
assigned by Poletaev (1997) to Neo.spirifer were 
severely reduced in number as were species referred 
to the genus by Kalashnikov (1998). Archbold 
(1997) suggested that the genus was broadly under¬ 
stood and that subgroupings of species could be 
recognised. As a result the subgenus Neospirifer 
(Quadrospira) was proposed and a range of 
Gondwanan species refcrred to the subgenus 
(Archbold 1997: 214). Specimens described herein 
are assigned to Neospirifer (Quadrospira) on the 
basis of the presence of attenuated cars and 
truncated interareas. 


Subgenus Neospirifer (Quadrospira) 
Archbold, 1997 

Type .species. Neospirifer pHcatus Archbold & Thomas, 
1986 from the Baigendzhinian (Late Artinskian) Madeline 
Formation, Carnarvon Basin, Western Australia. 

Neospirifer (Quadrospira) luirdmani 
(Foord, 1890) 

Fig. 8H-L 

Neospirifer hurdmani —Archbold & Thomas, 1986: 128, 
figs lA-N, 2A-1. 3A-I (cum. syn.) —Archbold et al., 
1993: microfiche 80, pi. 37, figs 3, 4, 6.—Archbold 
& Shi, 1993: 199, fig. 6C-E.—Archbold & Shi, 1995: 
210, figs 4-5. 

Material. A single specimen (GSWA F510I3) of a shell 
with crushed dorsal valve from GSWA Locality 144111. 

Measurements. Maximum width = 63.3 mm; hinge width = 
61.5 mm; height of ventral valve = 42.0 mm; height of 
dorsal valve = 39 mm. 

Comments. Archbold & Tliomas (1986: 130) 

noted that the lateral plications of this species 
varied from being weakly to moderately strongly 
developed. We illustrate herein one of the speci¬ 
mens known to us that demonstrates very strongly 
developed lateral plications. Forms such as this are 
rare and represent an extreme variant of the species. 
Its importance lies in the fact that it serves as a 
useful comparison with the highly distinctive 
specimen described below as a new and very rare 
species. 


Fig. 8. A-G, Neospirifer (Quadrospira) preplicatus Hogeboom. A, C-G, holotype, GSWA F51014, ventral valve 
in internal, external, posteriorly tilted, anteriorly tilted, anterior and posterior views, x 1, GSWA F51015, portion of 
ventral v.alvc in ventral view, X 1. H-L, Neo.spirifer (Quadrospira) luirdmani (Foord), GSWA F510I3, shell in 
antero-ventral, postero-ventral, dorsal, ventral and posterior views, x 1. 
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Pertinent features of the specimen are its fine 
cquidimensional costae increasing in numbers by 
bifurcation; three distinct pair of ventral lateral 
plications which are strongly developed and well 
rounded; feeble plications on the sulcal flanks; the 
gentle arching of the ventral valve imparting a 
flattish appearance and rounded growth lines on 
the sulcal tongue at juvenile and submature stages 
of growth. Other features of the specimen are as 
described for the species by Archbold & Thomas 
(1986). 

Neospirifer (QuaJrospira) preplicatiis 
Hogeboom sp. nov. 

Fig. 8A-G 

Holotype. A ventral valve (GSWA F51014) from GSWA 
Locality 144110, type section of Callytharra Formation 
near Callytharra Springs, Wooramcl River area, Carnarvon 
Basin, Western Australia. 

Material. In addition to the holotype, a portion of a 
ventral valve (GSWA F.SIOI.S) is provisionily assigned 
to the species. 

Measurement.'! of holotype. Maximum width = 53 mm; 
hinge width = 42 mm (estimate); height of ventral 
valve = 33 mm; height of ventral interarca = 4.5 mm. 

Diagnosis. Medium sized Neospirifer (Qtiadro- 
spira). Ventral lateral plications pronounced, narrow 
and sharp. Sulcus deep, u-shaped. Interplication 
valleys deep. Costae moderately coarse—liner in 
sulcus. Growth lamellae v-shaped in sulcus. Ventral 
valve strongly arched laterally. Shell extensively 
thickened with deep ventral interior. 

Description. Moderate sized species, subquadrate 
at maturity. Ears attenuated at maturity. 

Ventral umbo small, sharp, pointed, incurved, 
overhanging prominent interarca which is striated 
horizontally and bears several denticular grooves. 
Delthyrium prominent. Sulcus broad, deep, v-sided 
with u-shaped base. Sulcal tongue long. Sulcus 
arises at umbo, defined by inner pair of plications; 
these are rapidly incorporated into sulcus as well 
defined, sharp plications on the sulcal Hanks; they 
are still prominent at valve anterior. Lateral 
plications consist of 3 pairs; they are pronounced, 
narrow and sharply defined. Interplication valleys 
deep. Costae moderately coarse—finer in sulcus; 
up to 2.0 mm wide on crest of sulcal bounding 
plications at anterior of valve and 1.0 mm wide 
in middle of sulcus at valve anterior. Costal 
interspaces narrow up to 0.5 mm wide at valve 
exterior. 

Dental flanges stout, support robust teeth; 
adminicula well developed, buried in shell 
thickening. Ventral muscle field elongate, adductor 


scars prominently striated. Delthyrial plate small, 
apical callosity strengthens plate. Ventral interarca 
horizontally striated, denticular grooves weekly 
developed, sparse. Delthyrial ridge and groove dis¬ 
tinct. Floor of ventral valve deep and extensively 
thickened including anterior. 

Dorsal valve unknown. 

Growth lamellae distinct, crowded together at 
valve anterior. 

Discussion. The holotype of the species and the 
fragment of a second valve, possess such distinctive 
features of the lateral plications and arching of the 
ventral valve that they are precluded from inclusion 
within the broad definition of N. (Q.) hardmani 
(Foord, 1890). They are closest to Neospirifer 
(Qtiadrospira) plicatus Archbold & Thomas (1986) 
from the Artinskian Madeline Formation of the 
Carnarvon Basin but the latter species, despite 
possessing pronounced lateral plications posses.ses 
only a weakly developed third (outer) pair and 
the interplication valleys arc broad and less well 
defined. N. (Q.) postplicatus Archbold & Thomas 
(1986) from the Kungurian Wandagee Formation 
and correlatives is a larger species with two pair 
of ventral lateral plications. The Early Artinskian 
N. (Q.) woolagensis Archbold (1997) from the 
High Cliff Sandstone, Perth Basin, possesses 
somewhat lower and less defined lateral plications 
and coarser costae. Tlie Late Permian (Djhulfian) 
species from Tibet and Western Yunnan, Neospirifer 
tibeiensis Ting (1962; 434, pi. 2. figs 4. 5; see 
also Yang & Zhang 1982; 312. pi. 3, figs 2-4) 
and Neo.sptrifer ktibeiensis sensu Fang (1995; 140, 
pi. 5, figs 10-12) are large species, presumably 
evolutionary descendants from the lineage of 
Western Australian Early Permian species. Fang 
(1995) considered that his material was of Early 
Permian age but the associated brachiopod fauna 
shares many features with those of Djhulfian 
assemblages of the Salt Range, Indian Himalaya, 
Nepal, and Western Australia (such as Waagenites, 
Costiferina, Leptodus and large athyrids) and hence 
a Late Permian age is preferred for the Yunnan 
fauna. 
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DIASTEREA, A NEW GENUS OF FLOWER SPIDER 
(THOMISIDAE:THOMISINAE) FROM EASTERN AUSTRALIA 
AND A DESCRIPTION OF THE MALE DIASTEREA LACTEA 

Jennifer M. Shield' & Julie Strudwick- 

'Division of Biology and Scientific, Industrial and Research Facility, La Trobe University, Bendigo, 
PO Box 199, Bendigo. Victoria 3552, Australia 
^RMB 2551, Benalla. Victoria 3673, Australia 

Shield. J. M. & Strudwick, J.. 1999:11:30. Diitstereci^ a new genus of fiower spider 
(Thomisidae: Thomisinae) from eastern Australia and a description of the male Diasterea 
lactea. Proceedinf’s of the Royal Society of Victoria 111(2): 271-281. ISSN 0035-9211. 

A new thomisid spider genus Diasterea is defined. Diaea lactea (L. Koch) is transferred 
to Diasterea and Diaea albiceris (L. Koch) is synonomised with Diasterea lactea. The female 
of D. lactea is redescribed, the male is described for the first time, notes on the biology are 
given and the known range is extended from Queensland and New South Wales into Victoria. 


AUSTRALIAN species of 'Diaea’ are considered 
by Lehtinen (1993) to be distinct from the 
American Misiitnenops and Eurasian Diaea. He 
considers that Misumenops and closely related 
genera are Neotropical in origin. The Misumenops 
group extends to Japan in the north and Hawaii 
in the mid Pacific, and their range does not overlap 
with the Australian ‘Diaea’ which extends from 
Australia through Melanesia into West Polynesia 
(Lehtinen 1993). Lehtinen (1993) considers that at 
least some Australian-Polynesian ‘Diaea’ deserve 
generic .status. 

Misttmena lactea was originally described by 

L. Koch (1876), ba.sed on a female specimen from 
Sydney, NSW, now lodged in the Zoologisches 
Institut und Museum, Hamburg (Rack 1961). 

M. albiceris was also described by L. Koch in 
the same publication, based on a female from Peak 
Downs in Queensland. According to Rack (1961) 
this specimen has been lost, but the Museum has 
a female from Sydney. Mascord (1970) states that 
D. albiceris is widespread in the Sydney region, 
but is not common. D. albiceris has also been 
reported from Norfolk Island (Rainbow 1920). 

Mascord’s (1970, 1980) photographs of two 
females labelled D. albiceris suggest that there is 
considerable variation in the dorsal pattern of these 
spiders. 

Specimens of D. lactea were collected (J. 
Strudwick) from a native plant garden set in a 
regrowth woodland dominated by Eucalyptus poly- 
anthemos (red box), E. goniocalyx (long-leaf box) 
and E. macrorhyncha (stringybark) at Upper Lurg, 
south-east of Benalla, Victoria, Australia. Biological 
observations were made by J. Strudwick. 


Chaetotaxy was described according to Schick 
(1965) and leg spination formulae according to 
Platnick & Shadab (1975) except that pairs of setae 
are indicated separately, linked by +. 

All measurements are given in mm. 

Abbreviations used 

Collectors: May Bennie (MB), Valerie Davies (VED), 
Julie Strudwick (JS). 

Specimen locations: Zoologisches Institut und Museum, 
Hamburg (ZIMH), Queensland Museum (QM), Museum 
Victoria (MV). Central Victoria Regional Insect Collection 
(CVRIC) housed at La Trobe University, Bendigo. 

Measurements: cephalothorax length (CL) and width 
(CW), abdomen length (AL) and width (AW), median 
ocular quadrangle (MOQ). 

Eyes: anterior median (AME), anterior lateral (ALE), 
posterior medi.in (PME), posterior lateral (RLE). 

Spinnerets: anterior (ALS), median (PMS), posterior 
(PLS). 

Legs: dorsal (D), ventral (V), prolateral (P). 

SYSTEMATICS 

Family THOMISIDAE Sundevall, 1833 
Subfamily Thomisinae Sundevall, 1833 

Diasterea gen. nov. 

Type .species. Misumena lactea L. Koch 1876. 
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Description. Medium sized thomisids; male much 
smaller than female. Cephalothorax as long as 
wide with setae. Lateral eyes on a single large 
protuberance, eyes subequal, AME JS. ALE JE PLE 
JE PME, MOQ wider than long, wider behind than 
in front. Sternum longer than wide, chelicerac with 
two small promarginal teeth, labium longer than 
wide. Leg formula 1243. Legs with spines. Male 
palp with small VTA, large RTA with prominent 
dorsal tip. Tegulum simple with a small (posterior) 
apophysis near the proximal edge. Epigynum 
without hood. 

Diagnosis. Diasterea can be differentiated from 
Thomisus by the rounded shape of the lateral eye 


protuberance, presence of setae on the cephalo. 
thorax, and presence of two promarginal chelicerai 
teeth; from Diaea by the presence a common lateral 
eye protuberance (in Diaea the lateral eyes are op 
individual small tubercles), the absence of a hooq 
in the female epigynum and the male much smaller 
than the female; from Misumenops by the absence 
of an epigynal hood; and from Australian ‘Diaea’ 
by the presence of the lateral eye protuberance, 
and the male much smaller than the female. 

Etymology. ‘Diasterea’ is formed from Diaea anq 
Asteraceae, the daisy plant family. The type species 
frequently forages on daisy flowers. 



Fig. I. A-F, Diasterea lactea, female. A, carapace, B, C, legs, retrolateral: B, leg 1; C, leg 4. D, epigyne. 
E, F, internal genitalia Scale bar represents 0.1mm in each case, fd = fertilisation duct, id = insemination 
duct, gp = gonopore, sp = spermatheca. 





















DIASTEREA. A NEW GENUS OF FLOWER SPIDER 


273 


Diasterea lactea (L. Koch, 1876) 

Figs 1-7 

Misumena laclea L, Koch 1876: 799, pi. 69, figs 5, 5a, 
Sydney, New South Wales. 

Diaea lactea {L. Koch, 1876). Rainbow 1911: 216. 


Misumena albiceris L. Koch, 1876: 801, pi. 69, figs 6, 
6a, Peak Downs, Queensland. 

Diaea albiceris (L. Koch, 1876). Rainbow 1911: 216. 

Types, Holotypc female Misumena lactea from Sydney, 
NSW, in ZIMH (examined). 



Eig. 2. Diasterea lactea, male. A, dorsal view of body. B-C, earapace. B, frontal view. C, lateral view. 
D, left leg I. E, left leg 4. F-H, left palp. F, ventral. G, lateral. H, lateral, expanded. Scale bar represents 
0.1 mm in each case, c = embolus, h = haematodocha, pa = posterior tegular apophysis, rta = retrolateral tibial 
apophysis, st = subtegulum, t = tegulum, vta = ventral tibial apophysis. 
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Fig. 3. Diaslerea laclea. A, male, dorsal. B, female, 
dorsal, showing legs I and 2 of the same male as A. 
C, same female and male in mating position, posterior. 
(Photos by J. Strudwick.) 

Other iiuileruil examined 

Victoria: Upper Lurg: I male, I female, 29.xii.1992, 
JS, S30573 QM; I female, 29.xii.l992, JS, JSt2 CVRIC; 


1 female, 29.xii.1992, JS, S30574 QM; 1 female, egg 
sac, 2.i.I993, JS, K39I4, MV; 1 female, egg sac, 2.i.l993, 
JS, JSl5 CVRIC; 1 female. 1 egg sac, 17.i.l993, JS, 
S30575 QM; 1 female, egg sac. 17 juveniles, 21.i. 1993, 
JS, S30576 QM; 1 male, I female, 23.i.l993, JS, S30577 
QM; I male, 21.xi.l994, JS, S30578 QM; I male, 
8.xii.I994. JS. JStl56 CVRIC; 1 male, 9.xii.I994, JS, 
JStI57 CVRIC; 1 male, I7.ii.l995. JS. JSt250 CVRIC; 
I male, I7.ii.l995. JS, K3913 MV; Swan Hill: 1 female, 
5.xi.l986. G. Kenna, K3896 MV; Wilkur: 1 female, 
18.xi.1955, W. Spuerell, K3898 MV; Bendigo: I female, 
I().xii.l961, M. Cohn. K3897 MV. 

New South Wales: Koraleigh: 4 females, retreat, xi.l988, 
D. Ashurst, K3899 MV; Sydney: I female Misumena 
alhiceris, Godeffroy Museum No. 14626, ZIMH; Tubra- 
bucca: I juvenile, 22.i. 1948, R.J.M.P. & A.N.B., K3901 
MV. 

Queensland: Lake Broadwater: 1 female, 2l.xii.l984, MB, 
S30580 QM; I female, 25.ii.I986, VED, S30579 QM. 


Female. QM S30573 

(Figs 1, 3B-C, 4A-D, 5A-F) 

CL 3.0, CW 3.1, AL 4.6, AW 4.7. Carapace 
(Fig. lA) light brown with white markings, white 
eye tubercles, erect setiform setae on anterior 
region. Ocular region raised, lateral eyes on large 
lateral protuberance, RLE on side of protuberance 
directed laterally and the ALE on front of 
protuberance directed anteriorly. PME on small 
tubercles, AME not on tubercles, eyes subequal, 
AME JE ALE /E RLE IE RME; ALE 0.10, AME 
0.12, RLE 0.10, RME 0.09, MOA wider than long, 
wider behind than in front, PLE-PME /E RME- 
RME. Two cheliceral teeth and five long cheliceral 
setae on promargin of the fang furrow (Fig. 4A), 
each chelicera has one frontal seta. Clypeus vertical, 
wider than AME-AME. Chaetotaxy: A2. C3. PI, 
P3, P4, SI. 

Legs (Figs IB-C, 4C-D) 1243. Measurements: 
see Table 1. Legs light brown with white markings 


Leg 

Femur 

Patella 

Tibia Metatarsus 

Tarsus 

Total 




Female 




I 

4.0 

1.6 

2.9 

2.7 

1.2 

12.4 

2 

4.0 

1.6 

3.0 

2.5 

I.l 

12.2 

3 

1.9 

0.9 

I.l 

1.0 

0.6 

5.5 

4 

2.0 

1.0 

1.4 

I.l 

0.6 

6.1 




Male 




1 

1.5 

0.6 

1.2 

1.0 

0.6 

4.9 

2 

1.5 

0.6 

1.2 

0.9 

0.6 

4.8 

3 

0.8 

0.4 

0.6 

0.4 

0.3 

2.4 

4 

0.8 

0.4 

0.6 

0.4 

0.3 

2.5 


Table I. Leg measurements. 
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and dark brown bands; spines: I: femur D1-0-0, 
P2-1-0; tibia Dl-1-0, Vl-0-2, metatarsus PO-0-1, 
V2+2-2+2-2+2; 2: femur DI-0-0, tibia Dl-0-0, 
V2+2+2-I+2-2+2: metatarsis PO-O-l, V2+2+2- 
1+2-2+2; 3: DI-l-0: 4: tibia DI-1-0. Tarsal 
claws (Fig. 4C): I: anterior claw with 5 larger 
and 3 smaller teeth, posterior with 5 larger and 
5 smaller teeth; 2: anterior claw with 5 larger 
and 2 smaller teeth, posterior claw with 7 larger 
and 2 smaller teeth; 3: anterior claw with 3 larger 
and 2 smaller teeth, posterior claw with 4 larger 


and 2 smaller teeth; 4; anterior claw with 3 larger 
and 1 smaller teeth, posterior claw with 4 larger 
and I smaller teeth. Claw tufts sparse. Scopula 
on distal third of metatarsus and tarsus, sparse on 
legs 1 and 2, well developed on legs 3 and 4. 
Trichobothria (Fig. 4C-D): 1: proximal group of 
12 (prolateral group of 8 and lateral group of 4) 
on tibia, distal row of 4 on metatarsus, distal row 
of 4 on tarsus; 2: proximal group of 13 on tibia, 
distal row of 4 on metatarsus, distal row of 5 on 
tarsus; 3: proximal group of 13 on tibia, distal row 



Fi)’. 4. Diasterea Uiclea, female. A, right cheliceral fang and groove with two proinarginal teeth. B, Epigyne. 
C-D. right leg. C, tarsus 3 with tarsal organ and trichobothria. D, distal trichobothrium and tarsal organ. 
gp = gonopore, pt = promarginal cheliceral tooth, to = tarsal organ, tr = trichobothrium. 
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of 3 on metatarsus, distal row of 3 on tarsus; 4: 
proximal group of 15 on tibia, distal row of 3 on 
metatarsus, distal row of 3 on tarsus. Tarsal organ 
(Fig. 4C-D) slightly larger than the base of the 
tarsal trichobothria. 

Sternum white, longer than wide, heart shaped, 
labium longer than wide, clavate branched hairs 
on and around mouthparts. 

Abdomen white with light brown patches, 
somewhat pyriform in shape, with sparse short 
hairs. Spinnerets (Fig. 5): two major ampulatc 
gland spigots and approximately 38 piriform gland 
spigots on ALS (Fig. 5B-D), 1 minor ampullate 
gland spigot, 1 ?cylindrical gland spigot and 
approximately 30 aciniform gland spigots on PMS 
(Fig. 5E), approximately 53 aciniform gland spigots 
on PLS (Fig. 5F). 

Epigynum (Figs ID-F, 4B) with deep fossa 
bearing two small pits near mid posterior margin, 
gonopores sclerotiscd posteriorly, insemination 
ducts long and winding in approximately 2 non¬ 
spiral loops, diameter of the ducts enlarged at 
the first dorsal loop, spermatheca slightly twisted, 
spermathecal organ absent. 

Male. QM S30577 

(Figs 2, 3A, 6A-F, 7A-D) 

CL 1.2, CW 1.2, AL 1.5, AW 1.2. Approximately 
one-third the body length of the female. Carapace 
(Figs 2A-C, 6A) colouring similar to female, with 
similar eye tubercles to female, eyes subequal, 
AME PE. ALE JE PLE PE PME; ALE 0.08, AME 
0.08, PLE 0.08, PME 0.06, PLE-PME PE PME- 
PME. MOQ wider than long, wider behind than 
in front. Chelicerae (Fig. 6B-C); two teeth and 
five long setae at anterior margin of chcliceral 
furrow; each chelicera has one anterior seta. 
Clypeus vertical and wider than AME-AME. Erect 
setaeform setae not confined to anterior region. 
Chaetotaxy; A2, Cl (tiny), C3, C5, PI, P3, P4, 
SI, S6, S7, T3, T5, A3, A4, A5, plus an extra 
one posterior lateral to A5. Sternum longer than 
wide. 

Legs (Figs 2D-E, 6F) 1243. Measurements: see 
Table 1. Legs pale brown with dark brown bands 
on distal femur, patella, tibia and metatarsus. 
Leg spines: 1: femur: DO-1-1, PO-1-0; 2; femur; 
DO-1-0; 3: femur; DO-1-1; patella; DO-0-1, tibia; 


Dl-1-0; 4: femur: DO-1-1, patella: DO-0-1, 
PO-1-0, tibia: Dl-1-0. Tarsal claws with approx¬ 
imately 5 teeth on claws of legs 1 and 2 and 
approximately 3 teeth on claws of legs 3 and 4; 
claw tufts sparse: scopula on distal third of meta¬ 
tarsus and tarsus of all legs, sparse on legs 1 and 
2 and well developed on legs 3 and 4. Legs 1 
and 2 with tufts of very long black hair covering 
dark brown bands laterally and ventrally on distal 
of tibia and distal ^/4 of metatarsus (Figs 2D, 
6F); stout dorsal and ventral hairs on brown bands 
of tibia and metatarsus of legs I and 2, stout dorsal 
hairs on distal half of tibia and on metatarsus and 
tarsus of legs 3 and 4. Trichobothria: 1 and 2'- 
dorsal proximal group of 7 on tibia, dorsal distal 
row of 3 on metatarsus, dorsal distal row of 3 
on tarsus; 3 and 4: dorsal proximal group of 7 on 
tibia, dorsal distal row of 2 on metatarsus, dorsal 
distal row of 2 on tarsus. Tarsal organ slightly 
larger than base of trichobothria (Fig. 6F). 

Male palp (Figs 2F-H, 6D-E): Tibia with large 
RTA with a well-defined dorsal tip bearing 
backwards-facing denticles, VTA small. Cymbium 
indented in the region of the retrolateral tibial 
apophysis. Tegulum simple, a small posterior 
apophysis near the proximal edge of the tegulurn 
is revealed in the expanded palp. Embolus winding 
almost twice around the tegulum, filiform and 
pointed. 

Abdomen oval, light brown with while patches 
and erect setae. Spinnerets (Fig. 7): one major 
ampullate gland spigot and 12 piriform gland 
spigots on ALS (Fig. 7B), one minor ampullate 
gland spigot and 5 aciniform gland spigots on PMS 
(Fig. 7C), approximately 13 aciniform gland spigots 
on PLS (Fig. 7D). 

Remarks 

Females varied in size: CL 2.()-3.0, CW 2.2-3.1, 
AL 3.2-4.6, AW 3.2-4.7. The shape of the abdomen 
also varied: being variously AL > AW, AL = AW 
and AL < AW. It is possible that the proportions 
change during egg laying. The number of teeth on 
the tarsal claws varied: the posterior claw had more 
teeth than the anterior claw on the each leg and 
the claws on legs 1 and 2 had more teeth than 
the claws on legs 3 and 4. The number of 
trichobothria in the prolatcral group on the tibia 


Fig. 5. Diaslerea lactea, female, spinnerets. A, spinning field. B-D, ALS, B. right ALS. C, major ampullate 
gland spinnerets with silk. D, piriform gland spinneret with silk. E, left PMS. F, left PLS. ac = aciniform 
gland spigot, als = anterior lateral spinneret, ba = base of spigot, cy = eylindriciil gland spigot, fu = fusule of spigot, 
Ma = major ampullate gland spigot, ma = minor ampullate gland spigot, pi = piriform gland spigot, pis = posterior 
lateral spinneret, pms = posterior median spinneret, si = silk. 
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Fig. 6. Diasterea lactea, male. A, carapace, anterior. B, moulhparts, ventral. C, right cheliera, anterior. 
D-E, right palp: D, posterioventral; E, RTA. F, tarsus 4 with tarsal organ and base of distal trichohothrium. 
cf = cheliccral fang, ch = chelicera, d = denticles, e = embolus. Ih = lateral long metatarsal hairs, la = labium, mx = 
maxilla, pme = posterior median eye, pie = posterior lateral eye. ps = promarginal eheliceral seta, pt = promarginal 
cheliccral tooth, rta = retrolatcral tibial apophysis. spi = spine, to = tarsal organ, tr = trichobothrium, vta = ventral 
tibial apophysis. 
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varied considerably. Color markings varied. The 
white markings on the carapace were similar in 
all specimens, but the pair of dark brown longi¬ 
tudinal stripes on the cephalothorax were reduced 
to a pair of spots in some and were enlircly absent 
in others. Leg markings on 1 and 2 varied from 
broad almost black bands on the femur, patella and 
tibia, a dark spot on the femur and patella and a 
narrow dark brown band on tibia to lesser markings 
or none. Abdominal markings varied from well 
defined orange-brown patches over the entire 


surface, pale patches over the entire surface, a few 
anterior patches which may or may not be con¬ 
tiguous to none. The combination of cephalothorax, 
leg and abdominal markings appeared to be at 
random. The position of the two pits near the mid¬ 
posterior margin of the epigyne varied slightly. 

Examination of the Misiimena lactea holotype 
and Misumena albiceris specimen from ZIMH 
confirmed that the both specimens belong to the 
same species. The vial containing the M. albiceris 
specimen contained the words ‘Peak Downs’ on a 



Fij>. 7. Dkisterea lactea, male, spinnerets. A, spinning field. B, left ALS. C, left PMS. D, PMS. ac = 
aeiniform gland spigot, als = anterior lateral spinneret, Maa = major ampullate gland spigot, ma = minor ampullate 
gland spigot, pi = piriform gland spigot, pis = posterior lateral spinneret, pms = posterior median spinneret. 
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small label in the inner vial with the specimen. 
The color pattern on this specimen was the same 
as Koch's (1876) illustration, therefore 1 believe 
that this specimen is in fact the holotype which 
has been mislabelled. The measurements of the 
types were within the range given above. The 
differences in the epigynes depicted by L. Koch 
was due to the fact that Misiimena lactea has a 
swollen abdomen, whereas Misivnena albiceris has 
a collapsed abdomen, presumably having already 
laid her eggs before being preserved. M. lactea 
has no brown pigmentation, M. albiceris has a pair 
of brown longitudinal stripes on the cephalothora,\, 
five small brown patches on the abdomen and a 
network of pigmentation anteriorly on the abdomen. 

Biology 

Females and males were collected from daisies 
Bracteantha bracteata, Chrysocephalum semi- 
papposum, C. apiculatimi, Brachyscome miiltijida 
and Bracteantha viscosa-bracteata hybrid. Females 
were also observed on Clematis aristata, and with 
egg sacs on Eremophila eriocalyx and Anigozanthos 
hybrid. The female on Brachyscome multifida was 
the only spider collected on this species, despite 
diligent searching, and may have been .searching 
for a suitable place for its egg sac as it built 
one soon after in captivity. Males were collected 
from Rhodanthe anthemoidcs, Olearia tomentosa 
and Ixiolena. 

Females had the ability to vary in color in life, 
from white to varying shades of yellow. The yellow 
ones were found only on the Chrysocephalum 
flowers which were yellow, but white spiders were 
also found on these flowers. Tlie yellow spiders 
lost most of their color in captivity, and all of it 
when preserved. 

Male and female QM S30577 which were 
collected together, were observed mating. The male 
was photographed on his own on a daisy flower 
(Fig. 3A). When the female was placed on the 
daisy, the male ran straight to her and mounted 
her (Fig. 3B-C), and attached himself to her upside 
down, with his head towards her anterior, suspended 
ventral side up by legs 1 and 2 placed around her 
waist (Fig. 3B), presumably while inseminating her 
with his palps. 

From the collecting data it can be concluded 
that adults are present from early November to 
late February. 

DISCUSSION 

Diasterea lactea does not fulfil the diagnosis for 
Diaea given by Ono (1988; 156) and Schick (1965: 


103), nor Misumenops given by Schick (1965: 108). 
Diasterea is similar to Misumenops in that the male 
is much smaller than the female, the lateral eye 
tubercles are combined, the abdomen is pyriform, 
and the female genital ducts are similar. Diasterea 
is similar to Diaea in that the claws of legs 1 and 
2 have 7-10 teeth and there is no spermathecal 
organ. Diasterea differs from both in the chaetotaxy 
(.seta A1 is absent) and the two promarginal 
chcliceral teeth. 

Diasterea lactea differs from the Australian 
species Diaea cnientata. Diaea piltda and Diaea 
inornata because in the latter, the lateral eyes have 
distinct relatively small eye tubercles and the males 
are only slightly smaller than the females. These 
species have similar male palps and similar 
arrangements of female ducts to Diasterea lactea 
(see Dondale 1966). This supports the view of 
Lehtinen (1993) that at least some Australian- 
Polynesian 'Diaea' deserve generic status. 

The ability of Diasterea lactea to change color 
is in common with a number of other thomisids. 
and appears to be an adaptation allowing the spider 
to blend with a colored flower on which it awaits 
its prey. 

The male D. lactea did not tie the female down 
with silk as reported by Clyne (1979) for a ‘Diaea’ 
species from Sydney. Forster & Forster (1973) also 
show immobilisation of the female of the green 
New Zealand Diaea. In this species, the male 
approaches from above and from the side, crossing 
from one side to another a number of times before 
completing mating. The male of Misumenops 
asperatus also approaches from the side (Gersch 
1939). Gcrtsch (1939) did not dc.scribe the male 
tying down the female with silk. Instead, the female 
found a vertical surface and attached to it abdomen 
up before mating occurred. Huber (1995) studied 
the mating of Misumenops tricuspidatus in which 
the RTA is inserted into a median hood of the 
epigyne. As there is no hood in D. lactea and 
the female epigyne bears usually two pits the 
position of which is variable, it is possible that 
the denticulate dorsal tip of the RTA may anchor 
the male palp into the integument of the epigyne 
during copulation. The mating behaviour may be 
another character which separates Diasterea from 
Diaea and Misumenops. 
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Stomach contents of larval and juvenile Acanthopagrus butcheri from an estuary were 
studied to determine ontogenetic differences in diet. Evidence of ontogenetic differences in 
diet strongly linked to ontogenetic ch,anges in habitat preferences was identified. Larvae were 
found to exclusively utilise pelagic habitats while juveniles settled into fringing weed beds 
in shallow estuarine waters. Larvae <9 mm in length fed primarily on calanoid copepod 
nauplii. Laiwae >9 mm consumed mainly calanoid copepodites and unidentified fish larvae. 
The most itnportant diet items for juveniles < 40 mm in length were calanoid copepods, 
particularly Gladioferens pectinatus and Sulcanus conflictus. With increasing size (>20- 
40 mm to > 40-60 mm), copepods bccatnc less itnportant in the diet and were replaced by 
amphipods, gastropods and polychactes, reflecting a shift from feeding in the water column 
to feeding in weed-beds, Polychactes were the main food types consumed by juveniles 
> 60 mm in length. The diverse range of food types found in stomachs illustrates the 


flexible and opportunistic nature of feeding in 

THE use of estuaries as nursery grounds by many 
species of fish has been well documented in 
Australia (Blaber & Blaber 1980; Blaber 1980; 
Potter 1983; Russel 1983). Most of the important 
species taken in recreational and cotnmercial 
fisheries in Australia depend on estuaries for part 
or all of their life histories (Lenanton 1987; Pollard 
1976). The Hopkins River is one of many .south¬ 
western Victorian estuaries, which support a diverse 
and substantial recreational fishery, of which 
the black bream Acanthopagnis htilcheri forms a 
very important component (McCarraher 1986). 
Acanthopagrus hutcheri spends its entire life-cycle 
in estuaries (Lenanton 1987), and is thus likely to 
have evolved adaptive mechanisms to cope with 
the physiologieal stress imposed by the estuarine 
environment and to reduce competition between 
age classes. Ontogenetic shifts in diet and/or habitat 
occupied are mechanisms used in other lacustrine 
and estuarine fishes to reduce intraspecific com¬ 
petition (Blaber & Blaber 1980; Chrystal 1985; 
Day 1989; Russel 1983). 

Acatithopagrus hutcheri arc believed to spawn 
in waters with salinities ranging between 11 and 
I8ppt (Butcher 1945). Aggregations of ripe and 
spent adult A. butcheri arc observed in the Hopkins 
River Estuary from September to October with the 
exact time of spawning depending on seasonal 
fiuctuations in river discharge (Sherwood 1982). 
Acanthopagrus hutcheri larvae are planktonic being 


juvenile A. butcheri. 

readily caught in the water column; juveniles 
occupy littoral weed beds where they constitute 
the smallest .size class in the juvenile bream 
population. The size at which this habitat shift 
occurs has not been determined. The survival rate 
of a larval cohort is influenced by the level of 
predation, the availability of resources (eg. space, 
food, refugia) and, subsequently, the extent and 
efficiency of resource partitioning to reduce intra¬ 
specific competition between juveniles. Ontogenetic 
shifts in diet of larval and juvenile A. butcheri 
have not been determined. 

There arc no published studies describing the 
feeding habits of juvenile A. hutcheri. Weng (1970) 
reported ‘no indication that the diet of small fish 
is different from that of adults’. However, Weng’s 
study did not include fish <15 cm in length. 
The present study was undertaken to describe the 
diets of larval and juvenile A. butcheri, to examine 
the nature of ontogenetic changes in diet during 
the early stages of life, and to attempt to identify 
the size at which larvae leave the water column 
and enter the weed beds. 


METHODS 

Study area 

The Hopkins River rises in the Great Dividing 
Range, north-east of Ararat (Fig, 1) and is approx- 
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Fig. I. The Hopkins River Estuary, western Victoria, Australia, showing the location of sampling sites used during 
the study. 
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imately 170 km in length. The estuary is tidal 
to Toorain Stones (Site 1, Fig. 1). approximately 
9 km upstream from the mouth of the river 
(Fig. 1). Sherwood & Backhouse (1982) have 
described the hydrodynamics and salinity regime 
of the Hopkins River Estuary and classified it as 
a highly stratified salt wedge type system. Dis¬ 
charge above 4 million mVday during September 
and October is sufficient to completely flush salt 
water from the estuary. Rc-establishment of the 
salt wedge characteristically occurs during late 
spring and early summer. By February, bottom 
salinities approach that of seawater with an 
overlying surface layer of brackish water. The 
halocline is characteristically located at a depth of 
approximately 2 m at this time (Sherwood & 
Backhouse 1982). 


Sampling regime 

Ichthyoplankton samples were collected from sites 
1, 2, 4, 6 and 7 (Fig. 1) during the spawning 
season of 1982 (October, November and December; 
after Weng (1970)], using a 350 micron mesh 
plankton net (Fig. 2) towed behind a boat. Plankton 
tows were carried out between mid-morning and 
mid-afternoon. All tows lasted for 10 minutes and 
were directed into the prevailing current at a speed 
of approximately 2 knots. 

Samples of juvenile fish were collected from 
sites I and 2 in early January 1983 and from sites 
1, 2, 3, 6 and 7 in late January and late February 
1983. Site 5 was only sampled in late January 
1983. Samples were collected by dragging a 2 mm 
mesh seine net measuring 3 m long and 1 m high 
through Zostera muelleri weed beds. All samples 
were preserved in 5% formalin. 

Total length (TL) of all larvae and juveniles was 
measured as the length from the most anterior point 
of the snout (with the mouth closed) to the most 
posterior point of the extended caudal fin. Larval 
length was measured using a micrometer and 
binocular microscope; juvenile length was measured 
using a 400 mm ruler. Total length measurements 
were rounded to the nearest mm. 

Stomach contents were removed and identified 
using a compound binocular microscope. The 
relative importance of diet items was enumerated 
using the rank method (Pollard 1976), in which 
different diet items arc first ranked in order of 
preponderance according to a subjective e.stimate 
of their relative volumes. Each food item is then 
awarded a ‘preponderance score’, which is equal 
to the largest number of food types in any one 
stomach, plus one, minus the rank. Individual 


scores for each food type are then summed over 
the total number of fish in each size class and 
expressed as percentages of the sum total score 
for all food types in fish of a given size class. 

The degree of dietary overlap between size 
classes was calculated using Schoener’s Index (S.I.; 
Schoener 1970). 

S.l.= l-0.5l/il/i.-P^,l 

Where n is the number of food categories, /i, is 
the proportion (% preponderance) of food item i 
in the diet of size class x, and Py, is the proportion 
(% preponderance) of food category i in the diet 
of size class y (proportions arc expressed as decimal 
fractions). This index gives values from 0 (no 
overlap) to I (complete overlap) and overlap in 
diet is considered to be biologically significant 
when the value exceeds 0.6 (after Sloanc 1984, 
citing Wallace 1981). 

Salinity (ppt), dissolved oxygen (ppm) and 
temperature (°C) were measured at all sites using 
a Yeokal meter at 0.1, 1, 2, 3, 4, 5, 6, 7, 9, 11 
and 13 m depth intervals, or until the bottom of 
the estuary was reached. 


RESULTS 

Salinity, dissolved oxygen and temperature 

The minimum and maximum salinity levels 
recorded in the system during the study period 
were 2.2 ppt (9 m, January, Site 1) and 33.2 ppt 
(11 m, February, Site 2), respectively (Fig. 3). 
Contour plots of the salinity profile of the system 
(Fig. 3) show that a marked halocline was present 
between 2 and 4 m throughout the study period. 
The intrusion of late winter freshwater runoff was 
clearly evident in November, marginally so in 
January and had completely disappeared by 
February. 

The high degree of stratification found in salinity 
was also reflected in oxygen levels (Fig. 4). The 
minimum and maximum oxygen levels recorded in 
the system during the study period were 0.3 ppm 
(4 m, November, Site 2 and 6 m, January, Site 2) 
and 10.2 ppm (1 m, January, Site 1), respectively. 
Contour plots of dissolved oxygen in the estuary 
showed those waters deeper than 4 m contained 
extremely low levels of oxygen throughout the 
study period at all sites and that those waters 
deeper than 5 m contained virtually no dis.solved 
oxygen at all (Fig. 4). 





Depth (m) 
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Salinity (PPT) 


November 1982 



January 1982 



February 1982 



Distance Upstream (km) 
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Site 

Date 


3.0- 

3.9 

4.0- 

4.9 

5.0- 

5.9 

6.0- 

6.9 

Larval 

7.0- 

7.9 

length classes (mm) 
8.0- 9.0- 10.0- 

8.9 9.9 10.9 

II.O- 

11.9 

12.0- 

12.9 

13.0- 

13.9 

14.0- 

14.9 

Total 

1 

26 Nov. 

82 

48 

86 

34 

16 









184 


8 Dec. 

82 










10 

7 

7 

24 

2 

27 Nov. 

82 

15 

92 

180 

96 

4 








387 


16 Nov. 

83 


3 

II 

26 

10 



2 

3 


3 


58 


12 Aug. 

82 



2 










2 

4 

27 Oct. 

82 

4 

21 

73 

102 

36 

5 

2 

2 





245 


17 Nov. 

82 



2 

15 

32 

20 

5 

3 

3 

4 

2 


86 

6 

27 Oct. 

82 


7 

8 

18 

9 

2 

2 



2 



48 


17 Nov. 

82 



2 

2 

2 

2 

3 

5 

3 

2 



21 


Table /. Numbers of larval Acanthopagrus butcheri in different length classes collected from various sites in the 
Hopkins River Estuary. 


The temperature the water in the estuary ranged 
from a minimum of 15.2°C (4 m, November, 
Site 6) to a maximum of 21.75°C (I m, February, 
Site 3). Contour plots of the temperature profile 
of the estuary (Fig. 5) showed a substantial degree 
of thermal stratification in January and February. 
In contrast, while thermal stratification was evident 
during November, it was far less marked than that 
occurring in January and February. Tire reduced 
level of thermal stratification during November was 
attributed to influx of cooler freshwater from late 
winter runoff into the estuary and surface heating 
during the nil water flow periods of January and 
February. 

Ichthyoplankton samples 

Larvae were mainly found in the upper and middle 
estuary (sites 1, 2 and 4), although small numbers 
were also recorded in the lower estuary. No larvae 
were collected at Site 7 probably due to high 
salinity (Fig. 3). The number and length of larval 
A. butcheri collected during the sampling period 
are shown in Table 1. The number of larvae present 
in samples decreased over time as they were 
recruited to the weed-beds and only a small 
number were collected in December. Few larvae 
>10 mm were caught in the plankton net. 

The stomachs of 283 larval A. butcheri were 
examined and diet items recorded (Table 2). The 
per cent frequency of the number of diet items 
found in larval stomachs is shown in Fig. 6. The 
maximum number of diet items found in any 


one larval stomach was 3, however, the majority 
of the stomachs examined contained only one 
diet item. 

The relative importance of diet items in the two 
larval size classes, 2.9-9.0 mm and 9.1-14.5 mm, 
are separately shown in Fig. 7. Larvae belonging 
to the smaller size class fed almost exclusively on 
calanoid copepod nauplii with smaller proportions 
of cyclopod and calanoid copepodites also recorded. 
In contrast, larvae belonging to the larger size class 
fed mainly on unidentified fish larvae and calanoid 
copepodites. The degree of dietary overlap between 
the two larval size classes (S.I. = 0.21) was not 
biologically significant. Within site comparisons of 
diet of fish could not be completed from the data 
collected, as all size classes of fish were not 
represented at all sites in the estuary (Table I). 

Juvenile samples 

The number and length of juvenile A. butcheri 
collected during the sampling period are shown 
in Table 3. Weng (1970) showed that A. butcheri 
grow to an average TL of 80 mm in their first 
year, thus the juveniles sampled in this study 
probably consisted of 0+ and l-i- year classes. 
Juveniles were divided into four size classes: 
< 20 mm, 20-40 mm, 40-60 mm and > 60 mm. 
The stomachs of 564 juvenile A. butcheri were 
examined and the diet items found are listed in 
Table 2. The maximum number of food types 
occurring in any stomach was 8 (Fig. 6), although 
the majority of stomachs contained only 2 items. 


Fig. 3. Salinity profiles of the Hopkins River Estuary between November 1982 and February 1983. 
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Dissolved Oxygen (PPM) 


November 1982 



January 1983 



February 1983 



Site 7 Site 6 Site 5 Site 4 Site 3 Site 2 


Site 1 


Distance Upstream (km) 
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Larvae 

Juveniles 

Dominant 

item 

Detritus 

Algae 

Spirogyra sp. 

* 

* 




Lyngbia sp. 


* 




Enteromorpha sp. 


* 




Compsopognn sp. 


* 




Unidentified diatom sp. I 


* 




Unidentified diatom sp. 2 

* 

* 


Copepoda 

Calanoida 

Gippskmdia estuarina 

* 

* 




GUidioferens pectinalus 

* 

* 

* 



Stilcamis coiijlictus 

* 

* 




Calanoida sp. 1 

♦ 





Calanoida sp. 2 

* 





Indeterminate Calanoida 

* 

* 




Calanoida nauplius 1 

* 





Calanoida nauplius 2 





Cyclopoida 

Cyclopoida sp. 1 

* 





Cyclopoida sp. 2 

* 





Cyclopoida sp. 3 


* 




Indetenninatc Cyclopoida 


* 




indetenninate Copepoda 

* 

* 


Ostracoda 


Ostracoda sp. 1 


* 




Ostracoda sp. 2 


* 


Malacostraca 

Amphipoda 

Paracorophium sp. 


* 

* 



Corophiidae sp. 1 


* 

* 



Puracalliope sp. 


* 




Gammawpsis sp. 


* 

* 



Meliia sp. 


* 




Amphipoda sp. 2 


* 




Indeterminate Amphipoda 


* 



Decapoda 

Amarinus sp. 


* 

* 



Grapsidac sp. 


* 




Unidentified z-oeae 


* 




Crab remains 






Paraiya mtslraliensis 


♦ 




Macwbranchiuin intermedium 


* 




Mysidac 


* 


Insecta 


Trichoptera sp. 1 


* 




Trichoptcra sp. 2 


* 




Chironomidac sp. 


* 




Diptera pupa 1 


* 




Diptcra pupa 2 


* 




Unidentified Diptera 


* 




Pyralidac 


* 


Gastropoda 


Hydrobiidac sp. 


* 

* 



Hydrobia sp. 


* 


Polychaeta 


Unidentified Polychaeta 


* 




Ficopoiamus enigmaticus 


* 




Capatcllidac sp. 


* 


Fish 


Phylipnodon grandiceps 


* 




Pseudogohius olorum 


* 




Alherinosoma microstoma 


* 




Unidentified pipefish 


* 




Larva 1 


* 




Larva 2 


* 




Larva 3 

* 





Indetenninate fish remains 


* 


Nematode 




* 


Unidentified eggs 



* 

* 


Miscellaneous 




* 


Table 2. Diet items 

recorded from the stomachs of larval and juvenile Acanthopagrus bulcheri from the Hopkins 

River. 







Fig. 4. Dissolved oxygen profiles of the Hopkins River Estuary between November 1982 and February 1983. 
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Temperature (degrees C) 

November 1982 



January 1983 



February 1983 


Distance Upstream (km) 
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Number of Diet Items per Stomach 

Fig. 6. Frequency distribution of the number of diet 
items found in the stomachs of larval and juvenile 
Acanihopagrus butcheri. 


A total of 59 different food items were recorded 
from juvenile stomachs. Diet items were classified 
using the categories given in Table 2. 

The relative importance of diet items in the four 
size classes of juvenile A. buicheri is illustrated 
in Fig. 8. Copepods were the major component 
of the diet of fish < 20 mm and > 20-40 mm in 
length. As fish increased in size, the dietary 
importance of copepods decreased as amphipods, 
gastropods and polychaetes became more important. 
The relative proportion of detritus and algae 
increased in the stomach of the larger size classes. 

There was little overlap in diet of juvenile 
A. buicheri (all size classes combined) among 
sites (Table 4). Biologically significant overlap in 
diet occurred between sites 2 and 3 (S.I. = 0.68), 
however, the majority of S.I. values were below 
0.50. Since there was little overlap in diet of 
juveniles among sites, diet overlap was examined 
on a site by site basis to avoid the possibility of 
site effects biasing the analysis. 



Dclrilus 
Diaintn sp 2 
Unidcnlincd egg 
Diatom sp I 
hish larvae 
Indeterminate copopod 
Indeterminate calanold 
Catanoid sp 2 
Calanoid sp 1 
Cyclopoid sp 3 
Cyclopoid sp 2 
Cyclopoid sp 1 
Cuianoid naiiplius 2 
Calanoid nauplius I 
Gladiofercns pecliiiatus 
Gipplandia cstuarina 
Suleanus conflict us 

0 10 20 30 40 50 60 



% Relative Importance 


Fig. 7. Relative importance of diet items in the stomachs of larval Acanihopagrus buicheri from two size classes 
(>2.9-9.0mm and 9.1-14,5 mm). 


Fig. 5. Temperature profiles of the Hopkins River Estuary between November 1982 and February 1983. 
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Site 

Date 

15.0- 

24.9 

25.0- 

34.9 

35.0- 

44.9 

45.0- 

54.9 

Larval length classes (mm) 

55.0- 65.0- 75.0- 85.0- 95.0-105.0-115.0-125.0- 
64.9 74.9 84.9 94.9 104.9 114.9 124.9 1.34.9 

Total 

1 

1 May 83 

4 

5 

25 

3 

2 




39 


26 Apr. 83 

37 

2 

10 

5 

1 




55 


23 Feb. 83 

3 



1 





4 

2 

I May 83 

7 

6 

7 






20 


26 Jan. 83 

17 

5 

2 

2 

1 




27 


23 Feb. 83 

9 

8 

9 

II 

11 

2 

1 


51 

3 

26 Jan. 83 

51 

33 

18 

16 

3 

I 



122 


23 Feb. 83 




14 

29 

15 

1 

1 

60 

5 

26 Jan. 83 


5 

4 

10 

11 




30 

6 

26 Jan. 83 

4 

1 

4 

14 

7 

3 



33 


23 Feb. 83 


2 

5 

14 

19 

6 

3 

1 

50 

7 

28 Jan. 83 

2 


II 

12 

3 


1 


29 


23 Feb. 83 




6 

19 

16 

6 

1 

48 


Table 3. Numbers of juvei 
the Hopkins River Estuary. 
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various 

sites in 


Site 1 

Site 2 

Site 3 

Site 5 

Site 6 

Site 7 

Site 1 

* 

0.49 

0.48 

0.20 

0.34 

0.32 

Site 2 

* 

* 

0.68 

0.17 

0.29 

0.33 

Site 3 

* 

* 

* 

0.20 

0.38 

0.48 

Site 5 

* 

* 

* 

* 

0.24 

0.39 

Site 6 

* 

♦ 

* 

* 

* 

0.58 


Fig. 8. Relative importance of diet items in the 
stomachs of four size classes of juvenile Acanthupagrus 
bulcheri. 


Table 4. Schooner’s Index of dietary overlap among 
four size classes of juvenile Acanlhopagru.i bulcheri com¬ 
paring dietary overlap among sites. An overlap of 0.6 
or greater is considered biologically significant (ie. the 
fish are competing for the same food resources). 


Biologically significant diet overlap between 
different size classes of juveniles occurred at 
all sites to varying degrees, for example, Site 1 
between >20-40 and > 40-60 mm (S.I. = 0.61) 
and Site 3 between < 20 and > 20—40 mm (S.l. = 
0.82) (Table 5). However, there arc more important 
trends in the data when they are viewed as 
sequences of S.l. values rather than individually 
significant results. The degree of overlap of diet 
of adjacent size classes (eg. < 20 mm and > 20- 
40 mm) ranges between 0.5 and 0.7, however, 
the degree of overlap reduces by the order of 
approximately 50% when S.l.s of non-adjacent size 
classes are compared. For example, at Site 2 the 
S.l. values comparing juveniles < 20 mm in length 
with juveniles > 20-40, > 40—60 and > 60 mm 
progressively declines from 0.64 to 0.23 to 0.14. 
This pattern is consistent at all sites and with all 
comparisons. The trend described above is equally 
consistent when data from sites arc combined 
(Table 5). 
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Size class 
(mm) 

<20 > 20-40 > 40-60 

>60 

Site 1 

<20 


0.54 

0.28 

* 


>20-40 

* 

* 

0.61 

« 


>40-60 

* 

* 

* 

* 

Site 2 

<20 

* 

0.64 

0.23 

0.14 


>20-40 

* 

* 

0.51 

0.36 


>40-60 

* 

* 

* 

0.69 

Site 3 

<20 


0.82 

0.41 

0.23 


>20-40 

» 

* 

0.51 

0.32 


>40-60 

* 

* 

* 

0.69 

Site 5 

<20 

♦ 

* 

♦ 

* 


>20-40 

* 

* 

0.63 

* 


> 40-60 

* 

* 

* 

* 

Site 6 

<20 


* 

* 

* 


>20-40 

* 

* 

0.69 

0.35 


>40-60 

* 

■* 

* 

0.56 

Site 7 

<20 

* 

* 

* 

* 


>20-10 

* 

* 

0.46 

0.31 


>40-60 

* 

* 

* 

0.72 

Sites 

<20 

* 

0.71 

0.32 

0.22 

combined 

>20-40 

* 

♦ 

0.55 

0.41 


>40-60 

* 


* 

0.69 

Table 5. 

Schocncr’s 

Index of 

dietary overlap 

among 

four size 

classes of juvenile 

Acantlwpagrus 

buicheri 

from all 

sites. An overlap of 

0.6 or 

greater 

is con- 


sidered biologically significant (ic. the fish are competing 
for the same food resources). 


DISCUSSION 

The present study of diet in larval and juvenile A. 
butcheri demonstrated dietary differences between 
larvae (< 15 mm TL) and juveniles (15 mm TL). 
Larvae < 9 mm consumed mostly calanoid copepod 
nauplii, while larvae > 9 mm consumed calanoid 
copepodites and unidentified fish larvae. This 
suggested that larvae were feeding in the open 
water column, a conclusion supported by the 
lack of larvae collected in weed-beds and the 
predominance of larvae collected in the water 
column. The diet of juvenile A. buicheri refiects 
the littoral habitat in which they arc found. Larvae 
< 40 mm in length consumed mostly .species of 
calanoid copepods which tended to be associated 
with weed beds (G. Newton, Bureau of Rural 
Resources, Canberra, pers. comm.), while larger 
juveniles consumed mostly littoral invertebrates 
such as amphipods, gastropods and polychaetes. 
The evidence presented here strongly suggests that 
black bream larvae exploit resources found in the 


water column above a strongly anoxic and saline 
layer. Anoxia in water deeper than 4 m prevents 
any utilisation of deeper habitats by all size classes 
of bream. At a length of approximately 15 mm, 
the free-sw'imming larval stage ends and juvenile 
black bream settle into shallow and fringing weed- 
beds where oxygen concentrations are higher. 

The S.I. indices showed that there were some 
biologically significant overlaps in the diet of 
the various size classes, for example, between 
juvenile size classes < 20 mm and 20-40 mm TL 
and between 40-60 mm and above 60 mm TL, 
indicating a shift in juvenile diet above 40 mm 
(combined site data). This corresponds with the 
average length range (30-40 mm) recorded for 
the dietary shift from primary to secondary stage 
recorded in a variety of estuarine inhabiting 
juveniles of marine fish species (Carr 1973). 
However, in terms of ontogenetic shifts in diet, 
the trends in the S.I. data become more apparent 
if the arbitrary biological significance value of 
0.6 is disregarded. When the diet of the smallest 
juvenile size class (< 20 mm) is compared to 
the diet of the each of the successively larger 
size classes (ie. > 20-40 mm. > 40-60 mm and 
> 60 mm), the S.I. values reduce, indicating less 
overlap in diet. This means that as juveniles become 
larger, they undergo a gradual shift in prey species 
away from those prey species exploited by smaller 
size classes. Viewed in this manner the changes 
in diet are more a ‘gradual shift away’ from the 
diet of small size cla-sses rather than a particular 
event driven change, such as that which occurs 
between the planktonic larval phase and littoral 
juvenile phase of the species. 

Intraspecific competition among size classes of 
larval and juvenile A. buicheri is minimised through 
the utilisation of different niches at different stages 
of the life cycle; this is evident both in the diet 
and in the distribution of the fish. Intraspecific 
competition among different size classes of 
juveniles is minimised through the targeting of 
different prey species in the littoral zone of the 
estuary. The underlying mechanism seems to be a 
function of variations in distribution, ie. in the case 
of larvae, they occupy different regions of the 
estuary, while the different size classes of juveniles 
seem to feed in different areas of the littoral zone 
(see above). 

The conclusions drawn above are also supported 
by observations concerning distribution of fish and 
the physical and chemical properties of the estuary. 
Firstly, larvae appear to be entirely planktonic 
in this system. The marked halocline and highly 
anoxic deeper waters preclude these animals from 
utilising portions of the water column below the 
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halocline. Secondly, at a TL of approximately 
10 mm, there is a marked shift in habitat require¬ 
ments, the planktonic larval phase gives way to a 
juvenile littoral phase, A. biitcheri move out of the 
water column and settle in the fringing littoral 
regions of the estuary. At the time the 10 mm 
larvae disappear from the plankton. Juveniles of 
10-18 mm appear in the littoral zones. 

Gaughan (1991) has classified estuarine fish 
larvae into three groups ba.sed on diet: planktivores 
feeding on copepods (copepodivores), planktivores 
feeding on other groups when copepods are not 
abundant, and those feeding on fish larvae 
(chordativorcs). Piscivorous larvae are not com¬ 
mon in estuaries (Gaughan 1991). Acanthopagrus 
butcheri is unusual in that whilst larvae < 9 mm 
in length are copepodivores they become, at least 
partially, ichthyoplanktivores above 9 mm in length; 
juveniles < 40 mm in length appear to revert to 
copepodivory. 

A total of 45 different food items were recorded 
from the stomachs of juvenile fish in the present 
study. This wide range of diet items illustrated the 
opportunistic and flexible nature of the feeding in 
juvenile A. butcheri. A flexible diet which enables 
fish to switch from one prey item to another has 
important implications in an estuary, where the 
changing abiotic environment may affect the 
distribution and abundance of prey items (Miller 
& Dunn, citing Carricker 1967). The most success¬ 
ful estuarine fish species appear to be those with 
broad niches (Bennet 1990). 

Weng (1970) identified the major diet items 
of A. butcheri >15 cm in length collected from 
South Australian waters, as crabs and other 
crustaceans, tubiculous worms, cockles, brittle 
worms, gobies, and mussels. The absence of 
comparative information regarding the diet of 
juveniles in Weng’s study makes it difficult to 
compare his observations to the results obtained 
in the present study. However, tubiculous poly- 
chaetes, molluscs, and crabs, which were the major 
diet items found in the stomachs of juveniles 

> 60 mm in this study have also been observed 
by the authors in the stomachs of adult A. butcheri 
collected from the Hopkins Estuary (unpublished 
data). Juveniles appeared to ingest the tentacular 
mantle of individual tubiculous worms, whilst adult 
A. butcheri ingested the entire tubes of several 
worms. This suggests that the diet of juveniles 

> 60 mm in length may overlap considerably with 
the diet of larger individuals. 

There are many cases of ontogenetic changes 
diet similar to those described for juvenile 
A. butcheri, in the literature. For example, catfish 
(Arius graeffei), jewfish (Johniops vogleri), narrow 


banded sole (Aseragoddes macleayanus) and 
threadfin (Polynemus multiradiatus) (Sumpton 
1990), cardinal fish (Apogon reupellii) (Chrystal 
1985), and two species of whiting (Sillago sihama 
and Sillago analis) (Gunn, 1985). Although onto¬ 
genetic changes in diet provide an ecologically 
efficient means of avoiding intraspccific com¬ 
petition, it is likely that these changes have arisen 
due to the inability of smaller fish to capture or 
ingest certain types of larger prey because of 
physical limitations in their feeding apparatus 
and mobility. 
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DOES SMOKE DERIVED FROM VICTORIAN NATIVE VEGETATION 
STIMULATE GERMINATION OF DORMANT SOIL-STORED SEED? 


A. Kintrup & N. J. Enright 

Department of Geography and Environmental Studies, University of Melbourne, Parkville, 

Victoria 3052, Australia 

KtNTRUP, A. & Enright, N. J., 1999:11:30. Docs smoke derived from Victorian native 
vegetation stimulate germination of donnant soil-stored seed? Proceedings of the Royal 
Society of Victoria 111(2): 297-302. ISSN 0035-9211, 

The effectiveness of Victorian (local) plant-derived smoke in stimulating germination of 
soil-stored seeds was compared with that of commercial sources from Western Australia and 
South Africa, for soil samples from a Eucalyptus baxteri (Bentham) Maiden & Blakely 
ex. J. Black heathy-woodland in the Grampians National Park, western Victoria, using a 
glasshouse experiment. Smoke from all three sources enhanced seedling emergence relative 
to no treatment (control). Seedling densities for the Victoritin and Western Australian smoke 
treatments were not significantly different, but were higher than those for the South African 
smoke. There were also significant differences in species richness and composition among 
smoke treatments. Mean richness was highest in the We.stern Australian and lowest in the 
South African smoke treatments. Differences in species composition were again greatest 
between samples treated with Victorian or Western Australian smoke and those treated 
with South African smoke. Smoke clearly acts as a trigger for germination in some species. 
However, comparisons here were complicated by different methods of smoke production. 
Further research is required to identify the chemical constituents of smoke which influence 
seed germination, and the optimum concentration(s) of smoke in relation to gennination. 

Key words: plant-derived smoke, seed gennination, soil seed bank. Eucalyptus woodland. 


RECENT re.search has revealed that plant-derived 
smoke can act as a trigger for breaking seed 
dormancy in numerous species across a range 
of families from fire-prone plant communities 
(De Lange & Boucher 1990; Brown 1993; Baxter 
et al. 1995; Di.xon et al. 1995; Pierce ct al. 1995; 
Enright et al. 1997; Marsden-Smedley et al. 1997; 
Keeley & Fotheringham 1998). In addition, smoke 
may enhance seed germination of some species 
from non-fire-prone environments (Pierce el al. 
1995) including common vegetables (Drewes et al. 
1995; Thomas & Van Staden 1995). Re.search has 
been undertaken to identify the active constituents 
of plant-derived smoke and the mechanisms by 
which smoke stimulates germination (Baldwin 
et al. 1994; Drewes et al. 1995; Thomas & Van 
Staden 1995; Van Staden et al. 1995a, 1995b; Jdger 
et al. 1996; Keeley & Fotheringham 1998). How¬ 
ever, so far, neither the promotive constituents nor 
modes of action arc fully understood. 

This paper investigates whether plant-derived 
smoke obtained from a local (Victorian) source 
is as effective in .stimulating the germination of 
dormant soil-stored seeds as arc (now commercially 
available) smoke extracts derived from South 
African and Western Australian vegetation where 
smoke-stimulated germination has already been 
illustrated (Brown 1993; Dixon ct al. 1995). 


Soil samples from a heathy Eucalyptus baxteri 
(Bentham) Maiden & Blakely ex. J. Black 
woodland in the Grampians National Park, western 
Victoria, were used in a glasshouse seed bank 
germination experiment to de.scribe and evaluate 
the effects of the three smoke types on the 
density, species richness and species composition 
of the germinants. Based on a preliminary study 
by Enright ct al. (1997) which showed enhanced 
germination using leaf material from the Victorian 
tree, E. baxteri, we hypothesised that smoke 
derived from local (ie. Victorian) vegetation would 
show an equivalent stimulatory effect to smoke 
originating from other geographical areas and 
plant species combinations, reflecting the generality 
of smoke as an evolved cue for germination 
of dormant soil-stored seeds in fire-prone 
environments. 


MATERIALS AND METHODS 

In March 1997 eight replicate surface soil samples 
(200 X 200 mm) to 50 mm depth were collected 
at random from a E. baxteri heathy-woodland 
last burned 14 years ago, near Gollon Gorge in 
the Grampians (Gariwerd) National Park, western 
Victoria. Air dried samples were thoroughly mixed 
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and split into 20 uniform subsamples to provide 
five X 1.5 kg replicates for each treatment. Sub¬ 
samples were placed in aluminium trays (280 x 
170 x40 mm) and then treated for 24 h with either 
Victorian, We.stem Australian or South African 
smoke in the form of 400 mL of a concentrated 
aqueous solution poured on each tray. A control 
treatment was established by using tap water only 
for the fourth set of replicate samples. 

The aqueous solution for the Western Australian 
smoke treatment was a 1:10 mixture of smoky 
water (Seed Starter, Australian Smoky Water, Kings 
Park and the Botanic Gardens, Perth, Western 
Australia) and tap water. The South African smoke 
solution was produced by soaking 10 smoke-infused 
filter papers (Instant Smoke Plus, Kirstenbosch 
National Botanical Institute, Cape Town, South 
Africa) in 2 litres of water. Instant Smoke Plus 
also contains a small amount of added gibberellic 
acid which is a known seed germination stimulant 
(Brown & Van Staden 1997). The Victorian smoke 
solution was derived from eight smoke-infused 
filter papers (Whatmans No. 1, 180 mm diameter) 
soaked in 2 litres of water. The latter filter 
papers were prepared from the foliage of E. baxteri 
and mixed understorey shrub layer vegetation 
(comprising a number of species primarily from 
the plant families Myrtaceae, Proteaceae and 
Epacridaceae) from the site of soil sample 
collection in Grampians National Park, using the 
method de.scribed by Enright ct al. (1997). The 
spectral signatures of the aqueous solutions were 
examined using a UV spectrophotometer, and the 
solution concentrations adjusted to give approx¬ 
imately equal absorbance levels (ie. approximately 
equal solution concentrations). 

After the soil samples had been soaked they 
were spread to a depth of 2-3 cm over a mixture 
of sphagnum moss, peat moss and washed sand 
in plastic germination trays (280 x 340 mm). Gla.ss- 
house tray positions were randomised fortnightly, 
and emerging seedlings recorded weekly for a 
period of 150 days between May and October 
1997. Nomenclature for plant species follows Ross 
(1996). 

Total seedling densities were compared between 
treatments using one-way analysis of variance 
(ANOVA) with Tukey’s HSD post hoc compari.son 
of means test to determine whether results differed 
between treatments. No logarithmic transformation 
was necessary due to approximately normally 
distributed total density data. The Kruskal-Wallis 
Test was used for differences between treatments 
in species richness as well as in seedling densities 
for selected species. Ordination by multi¬ 
dimensional scaling (MDS) (Minchin 1987) was 


performed to explore differences in overall species 
composition between treatments. Anosim (Clarke 
1993) was used to e.stimate the significance of 
difference in species composition between treat¬ 
ments. Both of these analyses were based on 
Bray-Curtis dissimilarities among species that 
occurred in at least two samples. As the present 
research concentrates on differences between smoke 
treatments, the control samples were excluded from 
these ordination analyses. 


RESULTS 

All smoke treatments led to a significant increase 
in seed germination compared with the control 
treatment (Table I), and the density of emergent 
seedlings was also significantly different between 
smoke treatments (ANOVA: d.f. = 2.12; F = 43.77; 
P<0.001). Seedling densities for the Victorian and 
Western Australian smoke treatments, with means 
of 12 547 ± 449 and 12 055 ±184 .seedlings m-^ 
respectively, were not significantly different, but 
were higher than tho.se for the South African 
smoke treatment (8258 ± 379 seedlings m"^). 

Paralleling the results for seedling densities, all 
smoke treatments showed increased species richness 
relative to the control (Table I), and again, there 
were also significant differences between smoke 
treatments (Kruskal-Wallis Test: P<0.01). Total 
species richness (summed across replicates) was 
the same for Victorian and Western Australian 
smoke (37 species), but was slightly lower for the 
South African smoke treatment (33 species). 
Highest mean richness was recorded for Western 
Australian smoke with 23.8 ±1.2 species per 
sample, followed by Victorian smoke with 22.4 
± 0.4. Lowest richness was observed for South 
African smoke (19.0 ±0.8 species per sample). 

Strong positive germination responses to the 
smoke treatments were observed for 15 out of 
16 species for which seedling densities were 
sufficient to make statistical testing possible, the 
only exception being Stuartina miielleri (Table 2). 
Seven of the 16 species tested showed signi-ficant 
differences between the smoke treatments: Isolcpis 
marginaui (Cyperaceae), Ixodia achillaeoides 
(Asteraceac) and Leucopogon glacialis (Epacrid¬ 
aceae) had highest germination levels in the 
Victorian and Western Australian smoke treatments; 
Centrolepis aristaUi (Centrolepidaceae), Epacris 
impressa (Epacridaceae), and Stylidiiim soboliferwn 
(Stylidiaceae) seedling densities were highest in the 
Victorian smoke treatment, while Opcrcukiria 
scabrida (Rubiaccac) showed strongest germination 
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response to Western Australian smoke. No species 
showed maximum germination response in the 
South African smoke treatment. 

The two-dimensional MDS ordination (stress = 
0.07) showed consistent differences in the locations 
of samples based on treatment type (Fig. 1). 
Samples for Victorian and Western Australian 
smoke showed high scores on axis I, suggesting 
little variation in species composition between these 
two treatments, while the South African smoke 
samples were clearly separated, having low scores 
on the first axis. Sample scores on this axis 


Fig I. Two-dimensional multidimensional scaling (MDS) 
ordination of seedling floristic (density) data. Note: Con¬ 
trol samples were excluded from this analysis. Treatment 
type: ■ = Victorian smoke; •= Western Australian smoke; 
X = South African smoke. 


CM 

in 



0.2 0.3 

Axis 1 


Treatment type 

Total number 
of seedlings 

Mean density m 
(± se) 

1 ^ Total number 

of species 

Mean species richness 
per sample (+ se) 

Control 

541 

4227±184a 

24 

13.8 ± 1.4a 

Victorian smoke 

1606 

12 547 ± 449c 

37 

22.4 ± 0.4c 

Western Australian smoke 

1543 

12 055 + 184c 

37 

23.8 ± 1.2c 

South African smoke 

1057 

8258 ± 379b 

33 

19.0 ± 0.8b 

Table 1. Total number of seedlings, mean density (±se) m total 

number of species and 

mean species richness 

(±se) per sample for soil seed bank germination treatments. Density values (in columns) 
letter are not significantly different from one another (Tukey’s HSD test; P> 0.05). 

followed by the same 


Species 

Control 

Western Australian 
smoke 

South African 
smoke 

Victorian 

smoke 

P 

Aira elegans 

3 

6 

9 

II 

0.617 

Centwlepis arislala 

55 

91 

79 

136 

0.028 

Cenirolepis strigosa 

234 

455 

380 

435 

0.089 

Crassula closiana 

20 

65 

61 

53 

0.567 

Drosera glanduligera 

13 

50 

27 

32 

0.072 

Epacris impressa 

2 

43 

17 

86 

0.003 

Hydwcotyle callicarpa 

40 

171 

133 

155 

0.171 

Isolepis marginata 

16 

131 

41 

124 

0.009 

Ixodia achillaeoides 

24 

151 

60 

180 

0.007 

Laxmannia orienlalis 

16 

30 

32 

43 

0.311 

Leplosperinum myrsinoides 

3 

9 

5 

8 

0.332 

Leiicopogon glacialis 

14 

53 

22 

51 

0.046 

Opercularia scabrida 

0 

32 

0 

9 

0.005 

Stuanina muelleri 

21 

16 

19 

15 

0.883 

Slylidium soboliferuin 

2 

28 

12 

52 

0.006 

Waldenbergia gracilenia 

62 

154 

129 

145 

0.338 


Table 2. Total seedling number per treatment (total surface area of 0.128 tn^) for species represented by more 
than 20 seedlings. Significance of difference (P<0.05) between smoke treatments is based on the Kruskal-Wallis 
Test (significance indicated by bold type). Note: Data for the control treatment were excluded from the statistical 
tests listed. 
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largely reflected variations in seedling densities, 
with Victorian and Western Australian smoke 
treatment samples showing high densities, and 
South African smoke treatment samples low 
densities, for a number of species including 
I. marginata, !. acliillaeoides, L. glacialis and 
E. impressa. Some within-treatment variation is 
expressed on the second MDS axis, although 
Victorian smoke samples tend to be located with 
lower scores, and Western Australian samples with 
higher scores, rellecting differences in seedling 
densities for species such as Droseni glandtiligera, 
O. scabrida (both more common in Western 
Australian smoke treatment), E. impressa and 
S. sobolifenim (more common in Victorian smoke 
treatment). 

Anosim based on a Bray-Curtis dissimilarity 
matrix, compared the 15 samples using 39 species. 
The test yielded an R statistic value of 0.71, 
reflecting a significant difference in the mean be¬ 
tween- versus within-treatment rank dissimilarities 
(Anosim; rw = 26.27; rb = 63.69; P< 0.001). 


DISCUSSION 

While all three smoke sources led to increased 
germination responses when compared to the 
control, the Victorian and Western Australian smoke 
treatments were more effective in stimulating 
germination of dormant soil-stored seeds from 
Victorian heathy Eucalyptus woodlands than was 
the South African smoke. There were also signi¬ 
ficant differences in species composition between 
the samples treated with South African smoke and 
those treated with Victorian or Western Australian 
smoke, but little difference between species 
composition for the latter two treatments. 

The different outcomes of the smoke treatments 
may be caused by differences in concentration 
levels of the aqueous smoke solutions and their 
constituent chemistries. While we attempted to 
standardise solution concentrations, spectrographs 
indicated slight differences in concentration, and 
in chemical make-up between the three smoke 
treatments. Keith (1997) has shown that smoke 
solutions in high concentration stimulated seed 
germination in Epacris sluartii, while low con¬ 
centrations failed to promote the breaking of seed 
dormancy. On the other hand, light-sensitive lettuce 
seeds responded negatively to highly concentrated 
aqueous smoke extracts (Jiiger et al. 1996). The 
density of germinants for the Victorian smoke 
treatment described here is also an order of 
magnitude higher than that described by Enright 


et al. (1997) for bulk soil samples collected from 
the same area a few years earlier. The aqueous 
smoke solution used by Enright et al. (1997) was 
derived from a single species only {E. baxteri) 
and its concentration is unknown, so that issues 
of concentration and chemical composition are 
probably important. 

Jager et al. (1996) suggested that temperature 
and speed of combustion of plant material may 
inlluence the smoke-induced promotion ol germ¬ 
ination. They heated dry Themeda triandra leaves 
over a range of temperatures from 140°C to 240°C 
and found that the stimulatory compounds were 
produced at temperatures between 160°C and 
200°C. Higher temperatures apparently led to loss 
of the active components due to their volatilisation 
and/or decomposition (Jager et al. 1996). We have 
no information on the temperature conditions under 
which the smoke extracts were prepared, nor on 
the potential loss of active con.stituents of smoke 
relating to the different methods of smoke pro¬ 
duction and storage (ie. aqueous solution versus 
impregnated filter papers). However, the similar 
levels of germination density and species richness 
achieved by the Victorian (smoke-impregnated filter 
papers) and Western Australian (aqueous-smoke 
solution) treatments suggests that these factors may 
not have differed greatly by method. 

The role of the source of plant material (ie. 
different chemical compositions) in influencing the 
germination of T. triandra was tested by Baxter 
et al. (1995) using smoke produced independently 
from 27 grassland species. Although the extent of 
stimulatory effects varied considerably among the 
different smoke types, germination of T. triandra 
was enhanced by the smoke derived (rom 26 of 
the 27 species (Baxter et al. 1995). Furthermore, 
aqueous smoke extracts prepared from the leaves 
of different plant species as well as extracts 
produced by heating agar and cellulose promoted 
the germination of light-sensitive lettuce seeds 
(Jager et al. 1996). Baxter et al. (1995) and Jager 
ct al. (1996) concluded that the active compounds 
of plant-derived smoke appear widespread. The 
present results support this conclusion. Keelcy & 
Fothcringham (1998) have reported recently that, 
while quantitatively important constituents of smoke 
including nitrate and ammonium failed to trigger 
germination in 25 chaparral species tested, nitrogen 
dioxide was effective for four of these species. 

Enright et al. (1997) found that smoke could 
substitute for heat as a cue for germination in some 
Australian native plant species, but identified only 
one species that responded solely to smoke 
(Stylidium sobolifenim). On the other hand, smoke 
did not stimulate germination of hard-seeded 
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species which needed heat to crack the seed 
coat (eg. many members of the Fabaccae). The 
identification of smoke-stimulated species has great 
potential value in the commercial development 
of the Australian flora (eg. in horticulture and 
floriculture) and provides a fertile ground for future 
research (Dixon et al. 1995). Additionally, studies 
focussing on the stimulatory effects of plant derived 
smoke from different communities (including eco¬ 
systems where fire is uncommon) will be useful 
in further testing the general role of smoke as a 
germination trigger. A standardised methodology 
for production of smoke extracts would facilitate 
comparative analyses and the aqueous solution 
method of Dixon et al. (1995) is recommended 
since it avoids the unknown (but possibly 
deleterious) effects of drying on some of the active 
constituents of smoke which is inherent in the 
filter paper method. 

Although laboratory experiments now clearly 
illustrate that smoke can stimulate the germination 
of viable, but dormant, .soil-stored seeds, there is, 
so far as we are aware, no field evidence for 
stimulation of germination beyond the fire front 
by wind-blown smoke. Transect studies across lire 
boundaries would prove interesting in testing 
whether the concentration and duration of smoke 
production was .sufficient to produce a fire-induced 
germination response outside the burned area. The 
field tests used by Dixon et al. (1995) subjected 
soils to levels of smoke known to produce a 
germination response in the laboratory and do not 
address this question. Alternatively, it may be the 
heating of dead organic matter within the surface 
layers of the soil as the fire front passes, rather 
than of living, above-ground plant material, that 
provides the ‘smoke treatment’ to buried seeds, in 
which case little or no cross-boundary germination 
would be expected. 
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Mackness, B. S., 1999:11:30. New records of marine tardigradcs (Arthrotardigrada) from 
Victoria. Proceedings of the Royal Society of Victoria 111(2): 303-308. ISSN 0035-9211. 
Three new records of m.irine tardigradcs arc described from Victorian localities. These 
include the first record of Batillipes from Victoria, the first record of Archechiniscus from 
Australian waters as well as an additional record of Echiniscoides. Adaptations of each of 
these tardigrade genera to the marine environment are discussed. 


BOULENGEY. a student of the French naturalist 
F61ix Dujardin, is credited as being the first person 
to observe a marine tardigrade. In August 1849 he 
discovered one on the side of a glass, filled with 
sea-water (Richters 1908). Tliis was subsequently 
described as Lydella by Dujardin (1851) who failed 
to give the specimen a specific name. This was 
rectified by Plate (1888) who named the species 
Lydella dujardini in honour of its author. Hay 
(1906) erected a new genus, Microlyda, for this 
species after it was discovered that the generic 
name proposed by Dujardin was already occupied. 
No specimen of Microlyda has since been recovered 
and this taxon is now thought to represent a 
juvenile halcchniscid (Ramazzotti & Maucci 1982). 

The first marine tardigrades to be collected 
from Australian waters were six specimens of 
Echiniscoides sigisintindi poiynesiensis Renaud- 
Momant, 1976 from Port Melbourne, mounted in 
1928, and were identified in the Thulin collection 
by Kristensen & Hallas (1980). Renaud-Mornant 
(1981) recorded Halechinisctts remanei Schulz, 
1955 from Townsville, north Queensland, while 
Kristensen (1984) described Wingstrandarctus 
corallintis and recorded Styraconyx kristenseni 
Renaud-Mornant, 1981 from coralline sand from 
One Tree Island, Queensland. 

Kristensen & Higgins (1984) recorded Styraconyx 
craticitius (Pollock, 1983) from algae growing on 
intertidal barnacles from Neilsen Park, Sydney 
Harbour; Hastings Point. Brisbane; Caloundra, 
Morclon Bay and Cape Cleveland, Townsville. This 
paper reports three different marine tardigrades 
including the first Victorian record of the genus 
Batillipes, the first Australian record of the 
genus Archechinisctis and a further record of 
the genus Echiniscoides. 


MATERIALS AND METHODS 

Between 1977 and 1979, Glen Carruthers collected 
a number of marine tardigrades from two sites 
in Victoria—fine beach .sand at mid and low 
tide levels at French Island (38°20'S,145°20'E) and 
from algae growing on barnacles at San Remo 
(38°35'S,145°20'E). These were mounted on micro¬ 
scope slides and then photographed. The material 
was passed on to the author for further study 
in the early 1990s. Unfortunately, the mounts have 
dried out and the resultant preservation of features 
is poor. Enough detail is retained however in the 
original photographs to confidently identify the 
specimens to at least generic level. No measure¬ 
ments were undertaken because of apparent shrink¬ 
age associated with dessication of the .specimens. 

Specimen collection abbreviation: ATS = Australian 
Tardigrade Survey. 


SYSTEMATIC ZOOLOGY 

Class HETEROTARDIGRADA Marcus, 1927 
Order ARTHROTARDIGRADA Marcus, 1927 
Family Batillipedidac Ramazzotti, 1962 

Genus Batillipes Richters, 1909 
Type .species. B. mirus Richters, 1909. 

Batillipes sp. 

Fig. I A, B 

Material. Four specimens (ATS 513/1, 3, 5, 7) collected 
from Freneh Island, Victoria. 
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Characters. Batillipedids are diagnosed as arthro- 
lardigradcs with median cirri present and with 
six toes (in adults) of different lengths with disc 
at terminus of the toe stalk. There are presently 
23 species of BatUlipes recognised and several (eg. 
li. mints, B. pcnnaki and B. phreaticiis) may have 
a cosmopolitan distribution. Several morphological 
features are used in the diagnosis of BatUlipes 
species including conformation of lateral body 
projections and the relative length and shape of 
cephalic and caudal appendages. The relative 
lengths of toes on the fourth leg has also been 
used (Pollock 1970). The Victorian specimens are 
adult animals with six toes on each leg. There is 
little differentiation between the head and the body. 
The median cirrus is unpaired and tapered. The 
internal cirri have thick bases and taper rapidly, 
ending in a swollen tip. The external cirri arc short 
and horn-like, also ending in a swollen tip. The 
primary clavae are tube shaped while the lateral 
cirri are long and whip-like. 

The specimens have been squashed under the 
cover slip and the details of their toe patterns can 
not be reliably discerned. Their caudal appendages 
are bluntly bifurcated and do not match that of 
any known BatUlipes and thus may represent a 
new species or a previously unrecorded instar of 
an already described species. They are therefore 
only identified as BatUlipes sp. 

Remarks. Species of BatUlipes are commonly 
found in the interstitial spaces of .sandy beaches 
often being the most dominant tardigrade (McKirdy 
1975). Typically, one to three species dominate 
(Pollock 1989). The specimens described here come 
from an opportune collection of sand from only 
one location and in no way represent the probable 
diversity of either BatUlipes or other marine 
tardigrades at that location. Further systematic 
collection and the examination of live specimens 
is needed to clarify the identity of this and other 
species of BatUlipes that may be present along the 
Victorian coastline. 


Family Halechiniscidae Thulin, 1928 

Subfamily Archechiniscinae Grimaldi Dc Zio 
& D’Addabbo Gallo, 1987 


Genus Archechiniscus Schulz, 1953 
Type .’specie.',. A. marci Schulz, 1953. 

Archechiniscus cf A. marci Schulz, 1953 
Fig. 1C, D 

Material. Two slides (ATS 513/4) collected from 
Tortoise Head, French Island, Victoria and (ATS 514/1) 
collected from algae growing on intertidal barnaeles at 
San Remo, Victoria. 

Characters. Archechiniscids have four claws with 
the two lateral claws directly inserted on the tarsus 
and internal claws supported by fingers. Internal 
toes have a hook-like dorsal point. Median cirrus 
absent. Presently there are two species recognised 
within the genus— Archechiniscus marci Schulz, 
1953 and A. minutus Grimaldi De Zio & 
D’Addabbo Gallo, 1987. The Victorian speci¬ 
mens arc identified as Ancheninitscus cf A. marci 
on the basis of the presence of apophyses on the 
placoids, the shape of the furca (non-rectangular 
cf A. minutus) and the lack of a peduncle at the 
base of the external claws. 

Remarks. Archechiniscus marci is a cosmopolitan 
species with worldwide distribution. It has been 
found in both the Northern Hemisphere (Italy 
[Grimaldi Dc Zio et al. 1983b; D’Addabbo Gallo 
ct al. 1987]; El Salvador [Schulz 1953]; Lesser 
Antilles [Renaud-Momant & Gourbault 1984]) and 
Southern Hemisphere (Galdpagos Islands [Schuster 
& Grigarick 1966]; Madagsear [Renaud-Momant 
1979a, 1979b] and New Caledonia [Renaud- 

Momant 1967]). It has been associated with 
barnacles collected with coralline mbblc but also 
in sand at depths of 18 metres (Renaud-Momant 
1967). The Victorian specimens have been found 
in both microhabitats. 

Binda (1978) established the Archcchinsicidae to 
correct the anomalous placement of Archechiniscus 
in the eutardigrade family Oreellidae based on 
the prc.scncc of its digitate legs. Renaud-Momant 
(1979b) also expressed doubts about the inclusion 
of Archechiniscus within the Oreellidae. Kristensen 
& Higgins (1984) supported Binda’s erection 
of the Archcninsicidae. Grimaldi Dc Zio & 
D’Addabbo Gallo (1987) cited affinities between 
Archechiniscus and Styraconyx and between 


Fig. 1. A, BatUlipes sp. (dorsolateral view); B, caudal appendage; C, Archechiniscus sp. lateral view: insert showing 
claw detail; D, pharyngeal bulb; E, Echiniscoides sigismundi ventral view; F, claws of fourth leg. 
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Archechiniscus and Eudavarctus as justification to 
transform the Archechiniscidae into a subfamily of 
the Halechiniscidae. 

Order ECHINISCOIDEA Marcus, 1927 

Family Echiniscoididae 
Kristensen & Hallas, 1980 

Genus Echiniscoides Plate, 1889 
(emended Kristensen & Hallas 1980) 

Type species. E. sigismundi (Schultze. 1865). 

Echiniscoides sigismundi s.l. (Schultze, 1865) 
Fig. IE, F 

Material. Two specimens (ATS 514/2, 3) collected from 
algae growing on intertidal barnacles at San Remo, 
Victoria. 

Characters. Echiniscoidids have reduced cephalic 
appendages (cirrus A and clava) with each leg 
bearing more than four claws and being devoid of 
spurs. There are at least six species currently 
recognised in the genus Echiniscoides — E. bnini 
D’Addabbo Gallo et al., 1992; E. higginsi Hallas 
& Kristensen, 1982; E. hoepneri Kristensen & 
Hallas, 1980; E. pollocki Hallas & Kristensen, 
1982; E. sigismundi (Schultze, 1865) and E. travei 
Bellido & Bertrand, 1981. The Victorian specimens 
were identified using keys provided in Hallas 
& Kristensen (1982) and Ramazzotti & Maucci 
(1983). 

The only previous member of this genus 
recognised from Australia, E. sigismundi poly- 
nesiensis Renaud-Momant, 1976, is diagnosed with 
a sculptured cuticle and central claws aberrantly 
bent at right angles. The specimens under study 
lack any visible cuticle sculpturing and have 8-10 
claws. The Victorian specimens mo.st closely 
resemble E. sigismundi sigismundi which occurs 
along the European coast from Norway and Sweden 
to northern France (Hallas & Kristensen 1982). 
There is also a report of this subspecies from 
Tenerife Island (Ramazzotti & Maucci 1983). Due 
to the less than perfect preservation, the possibility 
that cuticle sculpting has been obfuscated and that 
the orientation of the claws may have been distorted 
during mounting, these specimens arc only assigned 
no further than Echiniscoides sigismundi sensti lato 
(Schultze 1865). 

Remarks. There are six subspecies currently 
recognised for Echiniscoides sigismundi with only 
E. sigismundi polynesiensis being recorded from 
the Southern Hemisphere. E. sigismundi sensu lato 


has been recorded throughout the world but many 
of these records may now relate to newly described 
subspecies of E. sigismundi and further study is 
needed of live specimens from each of these 
locations to determine their identity. Unfortunately, 
cuticular .sculptures which appear to be important 
in taxonomic investigations of this genus, gradually 
lose their refractive capabilities in the polyvinyl- 
lactophcnol mountings commonly used in tardigrade 
study (Hallas & Kristen.scn 1982). The presence 
of two species of Echiniscoides from adjacent 
localities is not unusual. Hallas & Kristensen (1982) 
described two sympatric species of Echiniscoides 
from Narragansett, Rhode Island, North America. 
The collecting locality of Port Melbourne for 
E. sigismundi polynesiensis is some distance 
from the collecting locality of the Echiniscoides 
described in this paper. 


DISCUSSION 

Although there has been increasing interest in 
the study of marine tardigrades (Renaud-Mornant 
1982) they remain largely unexplored in Australia. 
There is a direct correlation between the known 
distribution of marine tardigrades and that of 
tardigradologists (Villora-Moreno & Grimaldi De 
Zio 1996). With one of the most extensive coast¬ 
lines and marine habitats available in the world, 
it is obvious that Australia remains a rich venue 
for research on these animals. The three tardigrades 
identified were found in their typical habitats. 
With the exception of the possible new species of 
Batillipes, the occurrence of these cosmopolitan 
species is not unexpected. Further investigation of 
live or freshly mounted specimens may provide 
the necessary information for more precise 
taxonomic assignments, particularly in the case 
of Echiniscoides sigismundi. 

All three species show morphological adaptations 
to their microenvironments. Typical Batillipes have 
a strong sterotaxis and ventrally flattened bodies, 
enabling them to move swiftly using their adhesive 
discs to keep in contact with the substrate (Grimaldi 
De Zio et al. 1983a). They are re.stricted to inter¬ 
tidal, interstitial environments. Archechiniscids use 
Iheir clawed feet to attach themselves to coarse 
organogenic sediments or to anchor themselves 
to vegetation. Echiniscoides is often regarded as a 
facultative commensal of molluscs and cirripeds 
(Green 1950). Further investigation of the species 
diversity, distribution and relative abundance of 
marine tardigrades should be undertaken in order 
to clarify the role of these animals in the beaches 
and intertidal zones of Australia. 
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Clyde Garrow, an active and enthusiastic Member 
of The Royal Society of Victoria for much of the 
past 17 years, died last September after battling 
the affects of a brain tumour which was diagnosed 
and operated on a year earlier. 

Clyde joined the Society in 1982 and served on 
its Council as Honorary Research Secretary from 
1985 to 1996; in that capacity he worked hard to 
ensure that the Society’s programme of seminars 
and monthly lectures addressed topics of relevance 
to the community and involved speakers who 
could communicate their interests effectively to a 
broad audience. 

He had a passionate belief in the importance 
and value of scientific research to the wider 
community and throughout his varied career his 
aim was always to encourage and facilitate the 
application of science to the public good. Clyde’s 
love of science, like his religious faith, his social 
concerns, and the pleasure he took in the company 
of others, sprang from a deep sense of humanity. 
His was an all-encompassing vision that always 
saw the common ground between different areas 
of human activity rather than the boundaries 
between them. 

Clyde’s parents, John and Janet, sailed from 
Scotland in 1912, and .settled in St Kilda where 
Clyde was born. Cricket with neighbours pitted 
him against Sidney Nolan. Church and Sunday 
School were at Alma Road Presbyterian Church, 
while football dominated the winters. Schooling 
began at Brighton Road Primary School and the 
sage advice as he left was ’this boy must not go 
to a technical or trade school’. 

He was fortunate enough to attend Melbourne 
High School, where he made numerous friends and 
lived out its motto ‘Honour the Work’. 

Clyde’s working life began at the State Rivers 
and Water Supply Commission’s Records Branch, 
with constant on-going part-time study to gain 
further qualifications—shorthand, Associateship of 
the Australian Society of Accountants, then on to 
Melbourne University to gain a Diploma of Public 
Administration and a Degree in Commerce. 

In 1940, Clyde was one of two selected from 
150 applicants for the position of Junior Clerk at 
the CSlRO’s East Melbourne head office, where 
he experienced the stimulation contact with some 
of Australia’s most eminent scientists. 

The war interrupted his career between 1942 and 
1946 when he served as a Lieutenant in the Royal 
Australian Naval Volunteer Reserve, stationed at 
the Fremantle Naval Base and in Darwin as 
Assistant Harbour Master. 

In 1950 he was appointed Technical Secretary 
of the new CSIRO Division of Protein Chemistry 


in Parkville, which was dedicated to producing 
improvements in the properties of wool to create 
new markets. Clyde merged with the scientific 
‘crowd’ and was truly a CSIRO man. Though 
an administrator, he entered into the spirit of 
experiment and soon became an honorary scientist, 
inventing a new method of baling wool, using a 
plastic bag and vacuum to allow the atmospheric 
pressure to compress the wool. This work 
eventually led to his being awarded a Master’s 
Degree in Agricultural Science by The University 
of Melbourne. 

Clyde also became involved in a number of the 
Division’s research and development projects and 
co-authored more than a score of technical papers 
dealing with such topics as teflon-coated shearing 
combs, boilable woollen hospital blankets, blue- 
light bleaching of wool, use of sheep skins in the 
care of bed-ridden patients, and sheep skin car 
scat covers. 

In 1964 Clyde was seconded to the International 
Wool Secretariat and spent 18 months in London 
where he furthered his interests in the processes 
and mechanisms of innovation and in 1992 was 
awarded an 0AM for his service to the wool 
industry. 

His career took a new turn in 1969 when he 
was appointed Scientific Attache at the Australian 
Embassy in Washington. While there he played 
an important role in arranging for an experimental 
mechanical grape picker to be air-freighted to 
Australia. Tlic subsequent introduction of mech¬ 
anical grape harvesting has greatly assisted 
Australia’s wine industry. Clyde also valued the 
opportunity of being the Australian scientific 
representative at the launch of Apollo II, which 
took the first men to land on the moon. 

Returning to Australia in 1972, Clyde was 
appointed the inaugural Manager of the CSIRO 
Central Information Service. He saw the vital 
importance of applying the new technology of 
computers to develop databases that more readily 
enabled access to scientific information. He 
became the Chairman of the Australian Academy 
of Science’s Information Committee, a high honour 
for one who was not a Fellow of the Academy. 

Clyde took pleasure in his membership of the 
MCC, the Kooyong Tennis Club and the Victoria 
Golf Club. He served as Chairman of the Royal 
Society for the Encouragement of Arts, Manu¬ 
factures and Commerce, Victorian Chapter, and also 
belonged to the Australian Institute of International 
Affairs and Community Aid Abroad. 

He was an enthusiastic and long-standing 
member of St Leonard’s Uniting Church, Brighton 
Beach, and, until recently, a serving Elder. 
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It was at CSIRO head office that Clyde met 
Jean Simpson, their marriage taking place in 1951. 
Theirs has been a very happy partnership, with 
many shared interests, particularly tennis, and an 
ongoing concern for the future of the Organisation. 
Beyond his tight-knot family, Clyde is remembered 
for encouraging potential in others and for his 
willingness to help people by seeking out the latest 
information relevant to their concern. 


Clyde is survived by his wife Jean and children, 
Anne, Stuart, Margie, Jane and Malcolm, and 13 
grandchildren. 


Clive Coogan and David Kimpton 
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CLIMATE-CHANGE DEBATE: GEOSCIENTISTS WANTED 


Robert J. Foster 

Consultant in Energy Economics, 30A Vautier Street, Elwood, Victoria 3184, Australia 


Climate Change 1995: the Science of Climate Change is IPCC’s current assessment of 
climate-change science, and the scientific underpinning of the Kyoto Conference in December 
1997. This Report suffers from ‘imagination block’ in attributing the large and abrupt swings 
(5°C or more in a few decades or less), which were a feature of North Atlantic Basin climate 
during the last Glacial, to an atmospheric cause—‘precipitation and runoff changes’—while 
ignoring associated trillion-tonne layers of ice-rafted detritus deposited from Labrador to 
Ireland, These climate swings were much more likely to have been caused by surging of 
continental ice-sheets, with launching of iceberg armadas and resulting sea-level rise, necessary 
adjustments in the Globe’s rotation-rate in order to maintain angular momentum, and consequent 
momentum-induced changes in the mobile oceans and Iherefore in oceanic heat transport. 
The Report ignores the observed pacing of Northern Hemisphere climate on a 1500-year cycle 
during the current Interglacial, also associated with the surging of ice into the North Atlantic, 
where the Little lee Age of ad 1300-1900 is its latest episode; and it ignores rebound from 
this cold event as the likely explanation of pronounced Northern Hemisphere warming in the 
period ad 1920-45. Lands surrounding the northern North Atlantic Basin are those most 
prone to ice-related climate change, itTc.spcctive of where the ice enters the sea; and thus, 
newly-recognised movements in West Antarctic icc-sireams pose the threat of future variability 
in northern climate. Contrary to the IPCC line, past climate was driven by ice, oceans and 
atmosphere acting in concert, and not by the atmosphere alone; and past major shifts were 
associated with extreme events, indicating that the system is dynamic, not uniformitarian, even 
at human lime-scales. Therefore, for its next report (expected in early 2001), IPCC needs to 
recruit skills from outside the atmospheric sciences; countervailing input from the geosciences 
is required. The issues raised herein are not just academic, because the World has only so 
much zeal and money for environmental needs. Effort put into limiting anthropogenic green¬ 
house gas emissions will detract from that available for dealing with other threats to human 
well-being, and for protecting the World’s biodiversity of which we are custodians. A balance 
must be struck. 


WHAT IS SCIENCE? In the old days, we were 
happy with Sir Karl Popper’s view that science is 
demarcated from other endeavours by the primacy 
of empirical disproof. Only theories which can, 
at least in principle, be found to be wrong by 
experiment or observation are entitled to be called 
scientific. 

Today, social scientists are wont to assert that 
different scientific specialities have their own 
communal belief-sy.stems, and their own pack¬ 
ages of neat and tidy scientific myths. It would 
be wrong to be too dismissive of this seeming- 
nonsense, because specialists from different 
scientific disciplines do indeed draw radically 
different conclusions from the same evidence. 

Bruno Latour, an intluential sociologist of 
science from the Ecole Superieure des Mines in 
Paris, further develops this theme (Dickson 1997); 

In place of an autonomous and detached science, 
whose absolute knowledge allows us to extinguish 
the fires of political passions and subjectivity, 
we are entering a new era in which scientific 
controversy becomes part of political controversy. 


Forget Popper. Science is different in con¬ 
temporary culture. 


CLIMATE-CHANGE POLICY 
Dragon-slayer wanted 

Climate-change policy has escaped from its 
scientific shackles. It is a Dragon on the loose. 

When 1 .say to ‘policymakers’ in Australia, be 
they politicians or bureaucrats, that anthropogenic 
(ic. human-caused) change in atmospheric com¬ 
position was not the only—nor perhaps even the 
largest—cause of observed warming over the past 
century, and that by analogy natural variability has 
a continued part to play in our evolving climate 
at the decade.s-to-centuries time-scale relevant to 
humans, I am met with the mantra ‘we accept the 
science’. Even those scientists employed by our 
larger companies to proffer advice internally on 
environmental matters, usually say ‘we accept the 
science’. 
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It goes further. Both academic economists and 
senior business people are talking now of a ‘new 
world commodity’—carbon credits. The thinking 
in corporate Australia has left the science of 
climate-change far behind, and has moved on to 
the new business (and political) environment which 
acceptance of the science engenders. 

My mail-box tells the story. The incoming fliers 
for greenhouse gas (GHG) related conferences do 
not offer a debate on the science—it is a given. 
Instead, their principal theme is GHG emissions 
trading. We are witnessing the birth of an industry 
here. 

Climate-change .science is a complex and 
multi-disciplinary field. It appears highly likely 
that the climate is a dynamic system involving all 
of ice, oceans and atmosphere. Tlierefore the 
dominant paradigm of climate-change may be in 
error, because it assumes a static or gradualist 
system where virtually the only driver of climate- 
change on a time-scale relevant to humans is 
anthropogenic variation in atmospheric composition. 
The guardians of the dominant paradigm could 
be mistaken. 

The question is: how can we get these guardians 
to recognise abundant and compelling evidence 
indicating that drivers other than the atmosphere 
are involved? 

Can it be that atmospheric scientists (who might 
see an ice-sheet as a passive reflector of the heat 
from the sun) and geoscientists (who might see it 
as a surging-event waiting to happen) have different 
‘communal belief systems’? These contending 
groups could therefore package their interpretations 
of the same physical evidence into quite different 
‘scientific myths’. Could tho.se mad sociologists 
have a point? 

Sadly, geoscientists have largely vacated the field 
of climate-change to the atmospheric scientists and 
their numerical-modeller colleagues. And yet it 
must be the palaeontologists and palynologists, 
oceanographers and geophysicists, glaciologists 
and sedimentologists, particularly those who are 
interested in Quaternary geological history, who 
convince advocates of the dominant paradigm that 
contra views have much merit. 

We need St George to rescue our Maiden in 
Distress. We need the geoscience community to 
reinstate the lapsed link between climate-change 
policy and scientific understanding. If the climate- 
change-policy Dragon is to be slain, it is geo- 
scientists who mu.st do it. It will be a challenge, 
of course. In the run-up to the Fourth Conference 
of Parties to the United Nations Framework 
Convention on Climate Change in Buenos Aires, 
a Nature editorial of 5 November 1998 had the 


headline ‘Research is no substitute for political 
action on climate’. 


IPCC's Second Assessment Report 

The contribution of Working Group I (WG I) to 
the Second Assessment Report of the Inter¬ 
governmental Panel on Climate Change, entitled 
Climate Change 1995: the Science of Climate 
Change, is IPCTC’s current assessment of climate- 
change science. It is this Report (Houghton et al. 
[eds] 1996) which provided the scientific under¬ 
pinning for the Third Conference of Parties to the 
United Nations Framework Convention on Climate 
Change, held at Kyoto in December 1997. (Its 
lead-editor is Sir John Houghton, formerly head 
of the UK Met Bureau and chairman of Britain’s 
Royal Commission on Environmental Pollution.) 

When 1 write of the ‘IPCC Report’ or the 
‘Report’ below, I mean the first 50 pages of the 
WG I Report encompassing Preface, Summary for 
Policymakers and Technical Summary. Although 
the Report comprises 572 pages in all, 1 doubt 
whether ‘policymakers’—be they politicians or 
public servants—would have the time to venture 
into the detailed technical chapters. 

I conclude that in the sense of Fisk (1997), the 
IPCC Report suffers from ‘imagination block’ in 
crucial areas. Therefore, as a guide to policy¬ 
making the Report is seriously deficient. 

There is an alternate view, however. A Nature 
.staff writer (Masood 1997) deals with the full IPCC 
Report, including inter alia the WG I volume on 
the science of climate change, as follows: 

How can science advice on controversial issues 
effectively feed into the policy-making process? 
One pioneer has been the Intergovernmental Panel 
on Climate Change (IPCC) ... Its reports have a 
direct influence on global climate policy. The latest 
3,600-page report ended a long-running debate on 
whether human activities, such as the burning of 
fossil fuels, were responsible for the rise in average 
world temperatures. 

and then covers .some methodology: 

The IPCC is divided into three working groups. 
The first deals with the science, the second with 
impacts, and the third with the economics of climate 
change ... Working groups are ... headed by a team 
of ‘lead authors’ drawn from independent re.search 
institutes ... The work ... is reviewed by a different 
group of independent experts, government scientists, 
and non-govemmental organizations before being 
finalized by the lead authors. Government scientists 
are then responsible for line-by-line approval of a 
‘summary for policy-makers’ of the entire IPCC 
report. 
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and finally, agrees with my assertions on one issue: 

Close attention is paid to this summary, as it is 

often the only document read by policy-makers. 

A question of degree 

The introduction to the Report’s Technical Summary 
asserts that; 

... the summary presents a comprehensive, objective 

and balanced view of the subject matter. 

But how significant is human-caused climate- 
change? Are anthropogenic factors the only, or even 
the largest, influence on changing climate? Are all 
points of the Globe equally at risk from climate- 
change — whether it be from natural variability or 
from human activities? 

On balance, are our activities hastening or 
delaying the inevitable return of harsher (and more- 
normal) conditions to the Globe? What is the 
relative threat to biodiversity in the longer-term 
from anthropogenic (or natural) warming compared 
to the threat here and now from the degradation 
and alienation of habitat? 

The Report docs not help us. It is not that IPCC 
decided that it wouldn’t produce a ‘comprehensive, 
objective and balanced’ report, but that the range 
of expertise brought to bear meant that, in my 
opinion at least, it couldn't. 

My conclusion is based strictly on internal 
evidence from the Report (I am talking only of 
the summaries contained in its first 50 pages, 
remember, because the rest is irrelevant to policy¬ 
makers); and 1 reason that stronger representation 
for the geosciences among those writing it would 
have led to a different emphasis in key areas. 

1 assert below that the record of past abrupt 
changes in mega-regional climate, especially for 
the Northern Hemisphere in the surrounding lands 
of the northern North Atlantic Basin, is most 
unlikely to have been caused by changes in 
atmospheric composition. On the contrary, ice- 
related extreme events appear to have been closely 
associated with these notable fluctuations. 

By analogy with the past, natural variability on 
the dccades-to-centuries scale surely must remain 
a significant potential inlluence on regional climate. 
This is not to belittle human-caused climate change 
— but it is all a matter of degree. 

This line of reasoning points to a need for more 
emphasis by policymakers on adaptation to, vis- 
^-vis mitigation of. climate change—because once 
the potential for continued natural variability is 
acknowledged, some (albeit unknown at present) 
proportion of impending climate change can be 
accepted as falling outside the realm of human 


influenee. The contribution of WG II to IPCC’s 
Second Assessment Report (Watson et al. [eds] 
1996) covers impacts, adaptations and mitigation. 
I do not discuss these topics herein. 

The perils of consensus 

We hear much of ‘the consensus of 2500 of 
the world’s top climate scientists’ in support of 
the dominant (IPCC) paradigm of climate-change; 
but there is more to the advancement of science 
than consensus. After all, if it were only consensus 
which could determine scientific controversies, 
science would never advance. 

Science is not a matter of voting. From Ptolemy 
to Savanarola, for 1400 years everyone agreed on 
a geocentric cosmology—but that didn’t make it 
right. The Report deals with plausible views which 
dissent from those of the dominant paradigm by 
ignoring them. 

The precautionary principle 

Does it matter? We all know the precautionary 
principle—so let’s apply it. 

But it does matter, because there is only so 
much money and so much zeal available for 
supporting the environmental cause in all its facets. 
By diverting both to the climate-change issue, we 
automatically diminish the amount available to 
other environmental needs. In Australia for instance, 
habitat destruction and consequent erosion of bio¬ 
diversity appears to be our most-pressing current 
problem—and time lost now may never be 
regained. 

There is another side to this coin. If limitation 
of the anthropogenic emission of GHGs is indeed 
crucial to the future well-being of humanity—and 
of the biodiversity for which we arc custodians— 
we need to know. On the basis of current know¬ 
ledge, I don’t think we can say. 

The Report deals in a single currency—the 
atmosphere—at the expense of ice and oceans. 
This self-imposed handicap limits IPCC’s ability 
to advise us. 


Point of departure 

Mahiman (1997) deals with uncertainties in the 
Report’s projections of human-caused climate 
warming. In his view: 

A fair minded and exhaustive attempt to find a 
broad consensus on what science can say about this 
problem is contained in the most recent 1996 IPCC 
Working Group I Assessment. 
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and he continues by advising that: 

A good guideline for evaluating contrary ‘expert’ 
opinion is whether they use the IPCC science as a 
point of departure for their own analysis. In effect, 
if we disagree scientifically with IPCC, we should 
explain why. Without such discipline, contrary 
arguments are not likely to be scientifically sound. 

In the following sections of this paper, I do 
indeed use the Report as my point of departure. 
I address two principal issues. 

First, the Report neglects to mention surging of 
ice sheets as a likely cause of the periodic large 
and abrupt climate changes in the northern North 
Atlantic Basin region during the last Glacial. 
Crucially, this omission prevents the use of analogy 
with the past to justify canvassing the possibility 
that ice movements might contribute to future 
climate change at human time-scales. 

Second, the Report fails to remind us of the 
Northern Hemisphere’s recent emergence from the 
Little Ice Age. This omission obscures the obvious 
question: how much of the observed warming over 
the past century and more is human-caused, and 
how much is natural rebound from this last in a 
series of cyclic cold periods? 

I ascribe these two omissions to ‘imagination 
block’. The term is defined below. 

'Sound science' 

Fisk (1997) asks: what is ‘sound science’?. For 
the Chief Scientist of DETR (the UK Department 
of the Environment, Transport and the Regions), 
charged as he is with applying sound science to 
environmental policy, it is a relevant question. 

Taking ‘science’ first, he contrasts those that 
see it as any modern industrial endeavour with 
those that see it as synonymous with ‘research’. 
Another definition shifts the focus from how 
we produce knowledge, to the knowledge itself. 
This usage limits ‘science’ to non-speculativc 
knowledge, firmly established by experiment and 
common experience. 

Fisk accepts that, at any point in time, our state 
of knowledge about the natural world includes 
both sets of data, and their possible interpretations. 
He takes ‘science’ as this state of knowledge— 
accepting that science embraces both areas with 
unique interpretations of the data, and areas where 
more than one interpretation can still be maintained. 

However for ‘soundness’, he offers two quali¬ 
fications. 'The first relates to omissions and bias: 

In assessing my state of knowledge, the test of 
soundness must be ihe quality of my assessment 
process. To be sound, Ihe assessment has to be free 
of omissions and bias. 


The second relates to risk: 

Most important of all, we need to ensure that we 
have only assessed the science, and not transgressed 
into the subsequent steps of risk analysis and risk 
management. 

and 

It is much better to insist that our risk management 
policy is based on risk analysis, and that the risk 
analysis is based on sound science. 

Fisk continues, under the heading ‘imagination 
block’: 

One of the most difficult areas in an assessment is 
to be sure th.it all the possible interpretations of 
Ihe data have been explored. 

In the two areas of the Report examined in detail 
herein, I assert that ‘all the possible interpretations 
of the data’ were not explored. ‘Imagination block’ 
is confirmed; and as a result, ‘policymakers’ are 
not fully informed. 

LOOKING BACK: ICE AND CLIMATE 
Distant palaeoclimates 

In the remote past there were two great periods 
of intermittent, wide-spread or even world-wide 
glaciation (Kaufman 1997) of an otherwise-warm 
world. The.se cold periods were in the Archaean 
to Lower Proterozoic some 2.5-2 billion years ago, 
and in the Upper Proterozoic to Palaeozoic—say 
800-250 million years before the present (myBP). 
The Globe was ice-free throughout the Mesozoic, 
with a notable peaking of warmth in the Late 
Cretaceous some 90 myBP and tropical conditions 
at high latitudes (Huber 1998). 

Retreat from an ice-free world 

According to Flohn (1987), polar ice remained 
absent during the early Cainozoic until at least 
40 myBP, as shown in Fig. I from Raymo & 
Ruddiman (1992). Thereafter, in the late Eocene 
or early Oligocene, there is evidence in sea-bed 
sediments around Antarctica of sudden cooling— 
accomplished over a period of not more than 
500 thousand years (ky). 

Flohn suggests a change in atmospheric CO 2 
concentration as a possible cause of this cooling; 
but in my opinion, the opening of Drake Passage 
(between South America and Antarctica) and con¬ 
sequent birth of the giant Antarctic circum-polar 
cold current (Foster 1974) provides a more- 
plausible explanation. The creation of Drake 
Passage initiated the striking asymmetry of inter- 
hemi.spheric temperatures which still exists. 
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Atlantic S'BQ 



Fig. I. Compilation of benthic foraminifcral oxygen- 
isotope-differential measurements from Deep Sea Drilling 
Program sites spanning the past 70 Myr. The long-term 
increase in 6'’*0 values reflect cooling of the deep 
ocean and growth of ice sheets at high latitudes. 
[Reprinted with permission from: Raymo, M. E. & 
Ruddiman, W. E, 1992. Tectonic forcing of late Cenozoic 
climate. Nature 359: 118. Copyright 1992 Macmillan 
Magazines Limited.] 


Descent into the Ice Age 

In the Southern Hemisphere, Flohn believes, 
the East Antarctic ice-slieet capping continental 
Antarctica was firmly established by 14 myBP in 
the middle Miocene; and the smaller West Antarctic 
ice-sheet (covering offshore islands and intervening 
basin areas) followed by 6 myBP, toward the 
end of the late Miocene. However, the Northern 
Hemisphere remained warm for several million 
years more, culminating in the pronounced warmth 
of the Pliocene Optimum about 4 myBP. 

Indeed, Bowler (1996) reports the temporary 
return of a virtually ice-free world at the Miocene- 
Pliocene boundary about 5 myBP. This collapse 
of the Antarctic ice-sheets was accompanied by a 
sea-level rise to some 65 metres above present- 
day levels. In Bowler’s opinion, and contrary to 
some earlier views, the Antarctic ice-cap had 
still only recovered to half its present volume by 
3.5 myBP. 


The renewed cooling appears to have strength¬ 
ened following closure of the seaway between the 
Americas about 3.5 myBP (Burton et al. 1997; 
Driscoll & Haug 1998), with resultant exclusion 
of Pacific water from the Atlantic by the emergent 
Isthmus of Panama. Formation of the Greenland 
ice-cap was an early outcome, although it was not 
until about 2.5 myBP that the Arctic Ocean was 
covered with sea-ice in winter. 

By the start of the Pleistocene (say 2 myBP), 
the Northern Hemisphere had already entered the 
current Ice Age of alternating Glacial-Interglacial 
climate tluctuations. However, Flohn believes it 
was not until about 700 kyBP that Northern Hemi¬ 
sphere cooling was sufficiently advanced to allow 
Arctic Ocean sea-ice to survive an Interglacial such 
as that we now enjoy. 

Although Ruddiman & Wright (1987) recognise 
the onset of major continental glaciation in the 
Northern Hemisphere at about 2.5 myBP (from 
the evidence of northern North Atlantic sea-bed 
cores), it is only during the last 700 ky that the 
hemisphere displays a thoroughly-modern regime 
of pronounced temperature fluctuations on a 
100 ky periodicity. In SE Australia, Bowler (1996) 
places the onset of colder, arid conditions at no 
earlier than 800 kyBP. It appears that, north or 
south, typical Ice Age climate regimes were not 
in full force until about 800-700 kyBP. 


Changing atmospheric composition 

Broccoli (1994) talks of the ‘paleocalibration’ 
model of climate prediction. This; 

... assumes that the relationship between global 
temperature and radiative foreing is nearly linear ... 
Using information from a cold period (the LGM 
about 20 kyBP. when atmospheric COa concentration 
was lower than in the immediate pre-industrial 
period) and a warm period (the mid-Cretaceous 
about 100 myBP, when COa was high—perhaps 5 
times the pre-industrial level), one paleocalibration 
estimate yields a climate sensitivity that would 
result in a wanning of 2.3°C for a doubling of 
atmospheric carbon dioxide. 

Such a methodology, based on variations in 
radiative forcing caused by changes in the atmo.s- 
pheric concentration of GHGs, particularly CO 2 , 
between a high (Cretaceous) and low (La.st Glacial 
Maximum) stand, might well be appropriate for 
explaining long-run changes in global average 
temperature. 

In fact, Raymo & Ruddiman (1992) take this 
line of reasoning a big step further. They refer 
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to work which suggests that in the early Eocene 
(c. 50 myBP) oceanic temperature was some 12- 
15°C warmer than today (Fig. I is a simplification 
of their record). Temperature fell gradually there¬ 
after, prior to the pronounced early Oligocene 
cooling event (attributed above to the opening of 
Drake Passage); and it has taken several subsequent 
downward steps to the Pleistocene Ice Age of the 
last 2 my and more. There has been ‘a marked, 
progressive cooling of global climate’ over the past 
50 my, which Raymo & Ruddiman suggest is due 
to the decline in atmospheric CO 2 concentration. 

They focus on a tectonic cause for the observed 
CO 2 variation; 

With a mean elevation of almost five kilometres 
and an area half the size of the United States, the 
Tibetan plateau is the most imposing feature on the 
Earth’s surface. It formed as a result of the collision 
of the Indo-Australian plate with the Asian plate; 
hard collision of these continents probably began in 
earnest in the middle Eocene and continues today. 

Raymo & Ruddiman argue that, on timescales 
longer than a million years, the CO 2 concentration 
of the atmosphere depends on the balance between 
additions from the outgassing of volcanoes and 
subtractions from chemical weathering. Mountain¬ 
building promotes weathering, and some 5 km in 
rock-thickness has been eroded from the Tibetan 
Plateau in the past 50 my. 

Over the very long haul, the carbon loop is 
completed by subduction at the edge of drifting 
continental plates, where carbonate rocks arc drawn 
down to be melted—with the generation of CO 2 
for subsequent relea,se in volcanoes. At least in the 
longer term, ours is a dynamic Earth. 


Changes in topography 

There is a fundamental difficulty in using palaeo- 
calibration as a means of correlating atmospheric 
CO 2 variations with climate at a geological time- 
scale. This is because of the direct influence on 
climate of topographical changes. 

Strong circumstantial evidence suggests that 
tectonically-induced changes in topography—such 
as the advent of Drake Passage or Isthmus of 
Panama and, indeed, elevation of the western 
North American or Tibetan plateaux—have a crucial 
influence on oceanic and atmospheric circulation, 
and hence on climate. Thus long-term climate 
changes on a hemispheric or mega-regional scale 
do not depend solely on (global) changes in CO 2 
concentration. Topography cannot be ignored. 


Orbital forcing 

Once we leave the million-year time-scale, com¬ 
plications ari.se; and over the past 700 ky or so 
the higher latitudes of the Northern Hemisphere 
have experienced the pronounced cold/warm 
climatic cycling which defines the fully-developed 
Ice Age. 

Yiou & Ghil (1993) examine one ice core 
(Vostok in Antarctica) and seven widely-distributed 
marine sediment cores for cyclicity in the palaeo- 
climate. It is clear that the Glacial-Interglacial 
cycles of the Ice Age can be recognised world¬ 
wide in an attenuated form, even in the tropics. 

Peltier & Hyde (1984) provide an explanation 
of the likely cause; 

... data from deep sea sedimentary cores were 
employed to demonstrate rather conclusively that 
the climate system was responding to the small 
changes of solar insolation received by the Earth 
due to temporal variations in the geometry of its 
orbit around the sun. These temporal variations are 
known to occur at characteristic periods of 19,000 
and 23,000 years due to precession of the equinoxes, 
at 41,000 years due to the variation of orbital 
obliquity, and at 100,000 and 400,000 years due 
to the change of orbital eccentricity. Although the 
latter source of variability is associated with a 
maximum change of only 0.2% in the total received 
radiation, the changes in orbital eccentricity 
strongly modulate the amplitude of the precession 
effect such that insolation anomalies at times of 
high eccentricity arc 3^ times greater than at 
times of low orbital eccentricity. 

Figure 2, adapted from Broecker (1984), shows 
the relationship between the standard (SPECMAP) 
OI 8 / 0 I 6 differential record (defining Glacials and 
Interglacials), and variations of summer in.solation 
at 65°N. The dominant 100 ky climatic periodicity 
is obvious in the top panel, and correlates with 
insolation peaks portrayed on the second. 

There appears to be an important unifying 
factor at work here (Flohn 1978). The hemispheres 
respond in concert to orbital forcing—not, as one 
might expect, in opposite senses. This conjunction 
appears to be because much of the Arctic Ocean 
is covered with sea-ice all the year, and summer 
insolation determines the proportion which melts 
annually. On the other hand, much of the Antarctic 
.sea-ice melts each summer, and its annual variation 
in extent therefore depends on the level of winter 
insolation. 

The albedo of sea-ice (reflecting about 80% of 
incoming solar radiation) is much greater than that 
of open ocean (reflecting only, say, 10 % of the 
sun’s heat). Thus, maximum summer insolation at 
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high latitudes in the Northern Hemisphere (and 
maximum winter insolation in the south) should 
coincide with world-wide deglaciation. 

That orbital forcing, although the variation of 
insolation is small in magnitude, controls long-term 
fluctuations in climate (the Milankovitch theory) 
has long been accepted by palaeoclimatologists. 
However, at shorter periods than 100 ky, the 
impact of Milankovitch becomes clouded. There 
are leads, lags and harmonies in the climatic 
response to insolation cycles, and internal non¬ 
linear mechani.sms in the system which are not 
yet fully resolved. 

Glacial-Inlerglacial CO 2 variations 

Barnola et al. (1987) compare a deuterium temper¬ 
ature proxy with the atmospherie CO 2 record in 


the Vostok ice core over the past 160 ky, and find 
a generally good correlation in their fluctuations. 
The only major discrepancy was when temperature 
started its decline at about 125 kyBP (see top panel 
in Fig. 2) at the end of the zenith portion of the 
penultimate Interglacial (the Eemian, shown as 
Stage 5e in Fig. 3 from Rampino & Self 1992). 
It took another 10 ky before the atmospheric CO 2 
concentration began to fall in response. 

Barnola ct al.’s detailed measurements show a 
CO 2 concentration of 280 ppmv at 120 kyBP, still 
during the warmth of the previous Interglacial, 
declining to 193 ppmv at 20 kyBP close to the 
LGM, and recovering to 274 ppmv at 4 kyBP in 
the renewed warmth of the current Interglacial. 
Obviously, CO 2 can’t cause orbital variation. At 
the 100 ky cyclicity, the primary inlluence on 
climate appears to be best explained by the theory 



Fig. 2. A, Climate-proxy curve, being lime history of proportionate O'* content for benthic forams as averaged 
and tuned by the SPECMAP group. B, Summer insolation curve for 65°N. The arrows point to the first of each 
triad of strong summer insolation peaks. These triads coincide with maxima in the 100 000 year eccentricity cycle. 
[Reprinted with kind permission of Kluwer Academic Publishers from: Broecker, W. S., 1984. Temiinalions. 
In Milankovitch and climate, A. L. Berger ct al., eds, 2: 696. Copyright 1984 D. Rcidel Publishing Company, 
Dordrecht.] 
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of Milankovitch and his successors. At this time- 
scale at least, variation in atmospheric CO 2 is an 
outcome of climate change—not the cause. It might 
confer positive feedback to the change, but it is 
not the driver. 


Preservation of angular momentum 

One question which needs to be resolved is: why 
do relatively small fluctuations of insolation have 
such a spectacular impact on climate? Observed 
changes, particularly in the northern North Atlantic 
Basin region, appear to be much larger and more 
abrupt than can be explained by just adding on 
the likely physical and biological responses to the 
calculated variations of insolation. 

A series of papers by Momer (starting in 1984) 
point our considerations toward of an entirely 
different line. For instance, Momer (1996) expresses 
the concept as follows: 

The glacial eustatic changes in oceanic water volume 
directly alter the radius of the Earth and hence must 
affect the total rate of rotation. 

In particular, during the nadir of the last Glacial, 


there was a low and stable sea level at which time 
(because of its reduced radius of gyration—ice at 
high latitudes at the expense of water in equatorial 
seas) the Globe was required to spin more rapidly 
in order to preserve its angular momentum. At 
this time of faster rotation, E-W equatorial flows 
speeded up—an inertial effect—and ‘returning’ 
currents such as the Gulf Stream (and the Kuroshio 
in the Pacific) ‘bent’ more sharply in the direction 
of the Equator. One result was that warm water 
failed to reach northern Europe, and the southern 
Iberian Peninsular and points south were warmed 
instead. Fig. 4A (from the series of explanatory 
diagrams in Momer 1996) shows the southerly 
track of the Gulf Stream-North Atlantie Current 
at the LGM, some 20 kyBP. 

As the (orbitally-induced) w'arming which led on 
to the current Interglacial began, the initial melting 
of continental ice caused sea-level to begin rising, 
thus starting the Earth’s deceleration (which was 
not completed until some 6-5 kyBP, after sea-level 
had settled at its full Interglaeial station). One early 
outcome of a slowing Earth was the northerly 
extension of the Gulf Stream (northern Europe 
warmer, Spain cooler) as shown in Fig. 4B, at 
about 15 kyBP. 
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Fig. 3. Climatic states and indicators for the past 140 kyr. A, Reconstructed summer SST (from planktonic 
foraminiferal assemblages in core V23-82). North Atlantic. B, SPECMAP oxygen-isotope scale. Stages and 
dates of boundaries shown at right. C, Percentage of ice-rafted detritus (in core Me69-17), North Atlantic. 
[Reprinted with permission from: Rampino, M. R. & Self, S., 1992. Volcanic winter and accelerated glaciation 
following the Toba super-eruption. Nature 359; 50. Copyright 1992 Macmillan Magazines Limited.) 
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Fig. 4. Migration with time of the Gulf Stream and Polar Front in the North Atlantic. A, At the 20 kyBP 
glaciation maximum when the Gulf Streatn was restricted to its southern branch giving condition ‘as warm as 
today’ off southwest Iberia. B, During the deglaciation phase about 15 kyBP. C, At the warm swing about 
13.0-12.5 kyBP when the Gulf Stream suddenly penetrated all the way into the Barents Sea, D, At the Younger 

Dryas cold pha.se 11-10 kyBP when very severe climatic conditions returned. E, In the early Holocene when 

there was a second intensive flux of the Gulf Stremn far to the north. F, During the Holocene climatic 

optimum when the Gulf Stream reached further north than today and the southeast Greenland coast was ice free. 

(Reprinted with kind permission of Geological Society Publishing House from: MOrner, N.-A., 1996. Earth 
rotation, ocean circulation and palaeoclimate: the North Atlantic—European example. In Late Quaternary 
Palaeoceanography of the North Atlantic Margins, J. T. Andrews et al., eds. Geological Society Special Publication 
No. Ill, London, 364.] 
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As pointed out by Mbmer, the oceans have a 
remarkable heat-storing capacity (some ITOOx that 
of the atmosphere). Therefore, any change in the 
trajectories of water-masses relative to the solid 
Earth will have a strong impact on global 
temperature distribution. In terms of its ability 
to store heat or to preserve momentum, the 
atmosphere is of much less account than the oceans. 

Mbmer sees subtle density differences in water- 
masses, in particular the thermohaline conveyor 
(bringing light, warm water from the tropics to the 
Arctic reaches of the North Atlantic where it gains 
salinity, sinks, and returns south), as less important 
to their movement than is the preservation of the 
Globe’s angular momentum—and the subsequent 
inertial interactions between Earth’s stony crust and 
liquid oceans. Not only must the entire global 
system make the adjustments necessary to preserve 
angular momentum, but the mobile oceans must 
then adjust relative to the lithosphere in order to 
maintain also their linear momentum. This paper 
follows Mbmer, although broader recognition for 
his ideas is slow in coming. 

Wilson (1998) provides hope that recognition is 
near at hand. He discusses a research article by 
Marcus et al. (1998) reporting the detection and 
modelling of variations in angular momentum and 
in length of day (LOD); however, neither paper 
refers to Mbrner’s extensive earlier work. Wilson’s 
introduction says; 

The oceans are vast in extent, fundamentally 
important to Earth’s climate and environment, and 
difficult to observe ... Thus, it is exciting when a 
fundamentally new observation becomes available, 
especially one that is global and samples the full 
depth of the oceans ... The new results reflect 
changes in distribution of mass; which alter the 
moment of inertia of the oceans on the rotating 
Earth, and changes in east-west currents, which 
alter momentum relative to Earth. 

and he later continues; 

If total angular momentum of the earth system is 
conserved, it follows that when the solid Earth 
loses angular momentum (and the LOD increases), 
another reservoir of angular momentum must have 
gained. It is now well known that predominantly 
the atmosphere is that reservoir. Numerous studies 
over the past two decades have shown that, to good 
approximation, the solid Earth and atmosphere 
simply trade angular momentum with one another 
over a variety of time scales, ranging from days 
to years. 

Wilson is not yet ‘thinking big’. Marcus et al. 
are discussing atmosphere-related LOD variations 
of the order of a millisecond or two; but Mbmer 
(1993) is talking much bigger numbers; 


The rise in sea level after the 20 ka glaciation 
maximum must have caused a deceleration of 
the Earth’s angular velocity in the order of 1500- 
2000 ms. 


Volcanic activity 

Nuclear winter was the prognosis for the aftermath 
of nuclear war between the superpowers. In fact, 
Rampino & Self (1992) report a similar outcome 
from a massive eruption at Toba (Sumatra) some 
73 kyBP. The fine ash and sulphur aerosols emitted 
in pyroclastic emplions can obviously influence 
climate and, if volumes ejected are large enough, 
might even serve to trigger long-term climate 
change. 

The explosive outburst they describe (Fig. 3) 
coincided with a major climatic event marking 
the 5a-4 Stage boundary (see also Fig. 5 from 
Thouveny et al. 1994). According to Rampino & 
Self, this climate boundary represents; 

... the interval of most rapid ice accumulation, and 
the main Northern Hemisphere wann-cold transition 
of the Last glacial cycle. The transition is marked 
by a drop in sea level of c. 40 m in less than 
7,000 years, the first significant peak in ice-rafted 
detritus in the North Atlantic during the last 
glacial cycle, and a decrease in seasonal sea- 
surface temperatures in the North Atlantic by I0°C 
in <5,000 years. 

Another insight is provided by McGuire et al. 
(1997) who describe a correlation between fre¬ 
quency of explosive vulcanism and rate of sea- 
level change during the last Glacial-Interglacial 
cycle. In particular, they recognise a pronounced 
increase in vulcanism (from tephra layers preserved 
in sea-bed cores) in the eastern and central 
Mediterranean during the 17-6 kyBP period of 
very rapid global sea-Ievel ri.se (see Fig. 6). 

It appears likely that sea-level changes induce 
not only changes in the relationship between the 
lithosphere and its veneer of mobile oceans, but 
between solid rock and liquid magma. Thus, the 
correlation discovered by McGuire et al. between 
sea-level change and increased vulcanism is strong, 
albeit indirect, confirmation for Mbmer’s concept. 
Furthermore. Mbmer (1991) and more recently 
Bills et al. (1999) correlate the accumulation and 
collapse of continental ice-sheets with locational 
changes in the Earth’s virtual geomagnetic pole, 
and rotational axis, respectively. We live on a 
dynamic Globe. 
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Termination of the previous interglacial 

Over the past 700 ky, only some 10% of the time 
has encompassed Interglacials such as that we now 
enjoy. The previous Interglacial was at its zenith 
at about 129-118 kyBP in the Ecmian (Stage 5e 
in Figs 3, 5), a period when global ice volume 
was as low or lower than it is today. Orbital factors 
both stimulated its emergence from the preceding 
Glacial, and also presaged its end some 10 ky 
later. An insolation maximum (peak II in Fig. 2) 
is the presumed trigger for Stage 5e. 

Adkins et al. (1997) describe an abrupt event 
over a period of only about 400 years at about 
118 kyBP which marked the beginning of the 


transition (at the 5e-5d boundary, see Figs 3, 5) 
leading on to the return of a harsher and more 
variable climate—and some 40 ky later, to full 
Ice Age conditions. 

This ‘beginning of the end’ for the previous 
Interglacial was marked by a weakening, or per¬ 
haps even a full interruption of the flow of (cold) 
North Atlantic deep water (NADW) from the Arctic 
towards the Equator. This is good evidence for 
the contemporaneous weakening of the northerly 
How of (warm) surface water into the Arctic region 
of the Atlantic—for which NADW is a return. The 
onset of the new Glacial appears to have been 
triggered by changes in the oceanic transportation 
of heat in the North Atlantic. 



Fig. 5. Vcgetational proxy records of Lac du Bouchet: arboreal pollen percentage and annual temperature (present- 
day temperature, 7°C). [Reprinted with pennission from: Thouveny, N. et al., 1994. Climate variations in Europe 
over the past 140 kyr deduced from rock m-ignelism. Nature 371: .304. Copyright 1994 Macmillan Magazines 
Limited.] 
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A commentary on the findings of Adkins et al. 
(Lehman 1997) refers to evidence that: 

... the onset of ice growth marking the end of the 
interglacial was accompanied by a sudden reduction 
in conveyor circulation ... 

and 

... uncontested signs of abrupt temperature change 
during glacial times (some 75,000-10,000 years ago) 
are typically accompanied, and probably caused, by 
large alterations in ocean circulation. 

The work of Adkins et al. underlines just how 
crucial is the path taken by the Gulf Stream-North 
Atlantic Current to climate in NW Europe. When 
this warm flow penetrates between Iceland and 
Scotland into the Arctic Ocean a mild climate 
prevails; but when the current is slightly displaced 
towards the east it misses the opening, and returns 
to the south warming the coast of Spain. The 
northern climate is then much colder. 


ICE-RELATED EXTREME EVENTS 
First point of departure 

The Technical Summary to the Report comprises 
pp. 13^6; and on p. 28, some of the issues which 
are central to this analysis are mentioned: 

Large and rapid climatic changes occurred during 
the last glacial period (around 20,000 to 100,000 
years ago) and during the transition towards 
the present interglacial. Changes in annual mean 
temperature of about 5°C occurred over a few 
decades, at least in Greenland and the North 
Atlantic, and were probably linked to changes in 
oceanic circulation. 

However, discussion of what might have caused 
the ‘changes in oceanic circulation’, and hence the 
remarkable climatic fluctuations, during the last 
Glacial is deferred until p. 46 (ie. the last page). 
Here, the Technical Summary states: 




Fig. 6. Changes in mean sea level. A, Estimated changes as a function of age based on data from Barbados 
and Pacific cores. B, Rate of change with time. Ages of dated tephra layers in deep-sea cores are shown by 
crosses. [Reprinted with pennission from: McGuire, W. J. et al., 1997, Correlation between rate of sea-level 
change and frequency of explosive vulcanism in the Mediterranean. Nature 389: 475. Copyright 1997 Macmillan 
Magazines Limited.] 
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Both the study of palaeoclimate from sediment 
records and ice cores and modelling studies with 
coupled climate models and ocean GCMs can be 
interpreted to suggest that the ocean circulation 
has been very different in the past. Both in these 
observations and in the ocean models, transitions 
between different types of circulation seem to 
occur on a time-scale of a few decades, so relatively 
sudden changes in the regional (North Atlantic. 
Western Europe) climate could occur, presumably 
mainly in respon.se to precipitation and runoff 
changes which alter the salinity, and thus the 
density, of the upper layers of the North Atlantic. 

Ice is not mentioned. And yet, as will be demon¬ 
strated below, the periodic collapse of continental 
ice-sheets from NE North America offers a com¬ 
pelling explanation for the ice-rafted-detritus (IRD) 
layers found to correlate with these "relatively 
sudden changes in the regional climate’ during the 
last Glacial. 

It is wrong to imply that ‘precipitation and run¬ 
off’ could deposit the layers of sediment, obviously 
derived from continental sources, which are 
encountered on the tops of sea-mounts in the open 
North Atlantic. Furthermore, ice-rafted and water¬ 
borne material are quite different in terms of their 
sorting, and are thus relatively easy to distinguish. 

The evidence provided by layers of a trillion 
tonnes of IRD, each stretching from Labrador 
to Ireland, is ignored; and dramatic climate 
fluctuations during the last Glacial are attributed 
in the Report to an atmospheric cause (ie. 
precipitation) not to the surging of continental 
ice-sheets. Although they have been extensively 
documented in the scientific literature since the 
late 1980s, these synchronous ice-related extreme 
events are not mentioned. IPCC has its consensus— 
but at what intellectual cost! 


Ice-sheets and climate-change 

Much recent information on climatic detail within 
the youngest of the Glacial periods (comprising 
Stages 4, 3 and 2 in Figs 3, 5) indicates that 
another factor, in addition to oceans and atmos¬ 
phere, is at work here—particularly in the region 
of the northern North Atlantic Basin. 

New thinking begins with Heinrich. His ground¬ 
breaking paper (1988) reports recurring layers of 
‘dropstone’ sediments, deposited since 130 kyBP 
and preserved on the Drcizack submarine sea¬ 
mount, in the ea.stem North Atlantic. These deposits 
of IRD incorporate a planktonic foraminifcral 
fauna which indicates cold sea-surface conditions 
at the time of their deposition. Heinrich sees ‘a 


considerable coincidence of insolation minimum 
(ie. from orbital variation) and maximum ice rafting 
in the northeastern Atlantic Ocean’. However, later 
authors fail to confirm an orbital link to Heinrich’s 
iceberg armadas. 

Heinrich events HI and H6 at the end and 
beginning of the last Glacial, and an earlier .such 
event (H7) just before the penultimate Interglacial 
(Stage 5), appear to be associated with major 
shifts in climate (Fig. 7, from Broccker 1994) as 
will be discussed below. The detailed setting of 
the more-recent Heinrich layers (HI to H4) is 
shown in Fig. 8 (also from Broecker). 



Fig. 7. Calcium carbonate content in core V28-82 
from the northern Atlantic (50°N,24°W) showing an 
alternation between coccolith-rich interglacial sediment 
(Stages I and 5) and ice-rafted debris-rich sediment 
(Stages 2-4 and 6). Heinrich layers mark both the 
transitions from glacial to interglacial conditions and 
from interglacial to glacial conditions. [Reprinted with 
permission from: Broecker, W. S., 1994. Massive ice¬ 
berg discharges as triggers for global climate change. 
Nature 312: 422. Copyright 1994 Macmillan Magazines 
Limited.] 

That continental ice-sheet collapse might be the 
origin of the iceberg armadas, and hence be driving 
climate, is suggested by Hughes (1992). He says: 

A new paradigm is postulated in which abrupt 
climate change is driven by iceberg outbursts 
associated with life cycles of marine ice streams ... 

and 

For Pleistocene Northern Hemisphere ice sheets, 
these mechanisms regulated North Atlantic surface 
temperatures and salinity ... and thereby drove 
climate change, which tended to be abrupt because 
ice-stream life cycles began and ended abruptly. 
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In a pair of papers, MacAyeal (1993a, 1993b) 
derives a periodicity of c. 1 ky for these dc- 
positional events during the latter part of the last 
Glacial. He sees them as caused by an internally- 
regulated cycle of freezing and thawing in the bed 
of the Canadian ice-sheet in the region of Hudson 
Bay—and not caused by Milankovitch (orbital) 
variation. TTiat Heinrich and Milankovitch are not 
directly linked, is an important conclusion. Still 
more important. MacAyeal states that: 

An alternative mechanism in which Heinrich 
events are forced by periodic variations in external 
climate is implausible, because periodic atmospheric 
temperature perturbations are strongly attenuated 
with depth in an ice sheet. 


Heinrich-Iike layers of IRD can be detected in 
North Atlantic sediments at least as far back as 
260 kyBP. 


Source of the Heinrich annadas. Grousset et al. 
(1993) look in detail at the lithology of the younger 
Heinrich layers from HI to H5 (put respectively 
at 14-15 and about 50 kyBP). They conclude that 
the majority of rock particles in all except one 
layer originate in the west, in the vicinity of Baffin 
Bay (not Hudson Bay as suggested by MacAyeal), 
and entered the Atlantic from south of Greenland, 
via the NW Labrador Sea. However, H3 (27- 
28 kyBP) is missing in Labrador Sea sea-bed cores. 
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Fig. 8. Bond’s placement of Heinrich events in the summit Greenland GRIP ice-core oxygen-isotope record. 
Heinrich events occur in the last cold phase of a series of Dansgaard-Oeschger cycles and precede a major inter- 
stadial warm pulse. [Reprinted with permission from: Broecker, W. S., 1994. Massive iceberg discharges as 
triggers for global climate change. Nature 'ill: 422. Copyright 1994 Macmillan Magazines Limited.] 
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This suggests that the H3 sediments originated 
further east—presumably borne by an iceberg 
armada entering the Atlantie from northeast of 
Greenland. 

Later, Alley & MacAyeal (1994) show that ice- 
flows arc physically capable of transporting the 
huge volume of rock entrained in Heinrich Layer 
sediments (some trillion tonnes of rock particles 
of varying size over, say, 750 years in each 
event; and entrained in, perhaps, xlO or xlOO that 
tonnage of ice) deposited in the Atlantic. How¬ 
ever, these authors are unable to confirm whether 
their principal origin is ‘internal glaciological 
process’ or ‘external climate forcing’. For the 
purposes of this paper, it would have been a 
welcome distinction. 


Evidence from ice-cores 

Another breakthrough arose from drilling four long 
cores in the Greenland ice-cap. Through variations 
in the isotopic composition of the oxygen contained 
in air bubbles trapped in the ice, these cores provide 
a detailed and mutually-confirmatory record of 
atmospheric temperature fluctuations in Greenland 
over the past 100 ky. The detailed ice core record 
(see Fig. 8) suggests that full glacial conditions 
were some 7°C colder than the scries of milder 
interstadials, and 12-13°C colder than at present 
(Johnsen et al. 1992). 

Greenland-Atlantic correlation. Bond et al. (1993) 
correlate changes in North Atlantic sea-surface 
temperature, derived from relative abundance in 
sea-bed cores of a polar planktonic foraminifer 
(the left-hand-coiling version of Neogloboquadrina 
pacliydenna —see also Fig. 9. adapted from Stauffer 
et al. 1998), with changes in surface air temperature 
over Greenland. 

Correlation extended to France. Furthermore, 
Thouveny et al. (1994) find that both indicators 
correlate with changes of pollen speeies in 
sediments from maars (explosion craters) in the 
Massif Central of France (see Fig. 5). Greenland 
ice-core records (ie. of changes in the oxygen- 
isotope concentration of trapped air) appear, 
therefore, to be representative of widespread climate 
fluctuations in the northern North Atlantic Basin 
region. 

Two series of extreme events. There arc in fact 
two series of ice-related extreme events now 
recognised in the sedimentary record of the North 
Atlantic sea-bed. The Heinrich events at a quasi¬ 


periodicity of about 7 ky are dominant. However, 
intervening fluctuations of greater frequency and 
lesser magnitude also occur (see Figs 8, 9); these 
Dansgaard-Oeschger events are discussed later. 
Bond et al. (1993) report that in the northern 
climatic record: 

The temperature shifts ... occur on millennial 
timescales and have asymmetric shapes, sharp 
boundaries and strong amplitudes (up to a change 
in temperature of c. 5°C). features which character¬ 
ize the Dansgaard-Oe.schger cycles ... Clearly, for 
at least 80 kyr the atmosphere and ocean surface 
were a coupled system, repeatedly undergoing 
massive reorganizations on timescales of centuries 
or less. 

and 

Perhaps the most important finding of our study is 
evidence of an unexpectedly close relation between 
the (Greenland) ice-core temperature cycles and one 
of the most prominent features of North Atlantic 
records, the Heinrich events. 

Broecker et al. (1993) speculate that the swarms 
of icebergs produced pulses of meltwater; and this 
raises the question of whether the Heinrich events 
impacted the thermohaline circulation (the basic 
heat-transport regime) in the North Atlantic. They 
think so, proposing that H6 drove the northern 
North Atlantic from its Interglacial to its Glacial 
mode of operation (sec Fig. 7); and that HI drove 
it in reverse (see also Fig. 8): 

One reason for postulating that events H-l and 
H-6 triggered major mode changes is that they 
fall exactly al major faunal and floral boundaries 
in sediments of the northern Atlantic. H-l marks 
the abrupt transition between cold ... and warm 
northern Atlantic conditions ... This transition was 
very sharp, with cold climate sediments immediately 
below and warm climate sediments immediately 
above. H-6 marks an abrupt transition in the 
opposite sense. 

Broecker (1994) reiterates the significance of the 
Heinrich events, and extends recognition of their 
impact to several sites in the Southern Hemisphere. 
He canvasses their likely cause without conclusion; 
but, of importance in our context, he ends by 
asserting that; 

Neither models nor theory provide a mechanism 
whereby the atmosphere on its own could jump 
from one quasi-stable mode of operation to another. 

We do not yet know what triggers Heinrich 
events, but their impact on climate is very clearly 
documented via the Greenland ice-core record. 
There is more to climate than just ‘atmosphere’; 
as Broecker says; 
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Although the tnie picture is likely to emerge only 
when our understanding of ocean circulation, ice- 
sheet dynamics and detailed regional palaeoclimate 
has improved substantially, there can be no doubt 
that Heinrich events provide a vivid illustration of 
the way in which the coupled influence of the 
atmosphere, geosphere and cryosphere may be a 
dominant control on the Earth’s climate. 


These sentiments encapsulate one of the major 
themes of my paper. 

Shorter-term fluctuations 

What of the many short, sharp fluctuations 
comprising the Dansgaard-Oeschger cycles (see 
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Fig. 9. A, Oxygen-isotope values for the GRIP ice-core together with Bond long-term cooling cycles, schematically 
shown as saw-tooth. B, N. pachyderma foraminiferal record from Atlantic core V23-81 (54°N.17'’W) as a proxy 
for sea surface tempcniture. Filled triangles show Heinrich events. C, Methane records of the GRIP and Byrd 
ice-cores. Byrd (Antarctic) values were lowered by 100 ppbv for better readability. (Reprinted with permission 
from: .Stauffer, B. et al., 1998. Atmospheric CO 2 concentration and millennial-scale climate change during the 
last glacial period. Nature 392: 60. Copyright 1998 Macmillan Magazines Limited.] 
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Figs 8, 9) which occur between the dominant 
Heinrich events in the climate-history of the North 
Atlantic Basin region? Although they had little or 
no apparent influence at the global scale, they 
would have dominated their regional climate at 
the time. 

Bond & Lotti (1995) find that almost all 
Dansgaard-Oeschger cycles can be correlated with 
layers of IRD in the sedimentary record of the 
North Atlantic. However, these layers are much 
thinner than those memorialising the Heinrich 
events; and the source of their sediments is more 
diverse—most layers containing lithic fragments 
from both the St Lawrence and Icelandic regions. 
It appears that their occurrence is somewhat 
different in nature to that of the Heinrich events, 
but the outcome is the same—an influx of icebergs 
associated with an initial period of cooling in the 
regional climate, followed by abrupt warming. 

Bond & Lotti recognise 13 ice-rafting cycles 
from 30 to 10 kyBP, including the Heinrich 
events, at a frequency of 2-3 ky. They conclude 
that, unlike the Heinrich events, it was improbable 
that these smaller iceberg armadas derived from 
the surging of a single glacier. Instead, they suggest 
widespread calvings in rcspon.se to a general 
lowering of temperature to a critical threshold. 
Interestingly, and of importance to later sections 
of this paper, they report that; 

... climate shifLs with pacings not unlike those we 
have identified for the ice rafting events appear to 
be present in a number of Holocene climate records 
(ie. within the Ia.st 10 ky), including advances of 
mountain glaciers in both hemispheres. 

Although Morner (1996; .see above) does not 
specifically mention these cycles, there is little 
doubt they are included when he says: 

In 1984, I proposed that most of the short-tenn 
changes in climate ... are, in fact, the function of 
the redistribution of energy and water masses 
over the globe via variations in the main oceanic 
circulation system ... 

While not of the same magnitude as the Heinrich 
events, the Dansgaard-Oeschger cycles also appear 
to be connected in some way to ice-rclated extreme 
events. They are further evidence of a dynamic 
climate system, and one driven by ice and oceans 
as well as atmosphere. At the very least, there 
appears to be no reason for invoking variations in 
atmospheric CO 2 concentration as the driving force 
for the Dansgaard-Oeschger cycles. 

Confirming the role of ice 

The Report was written in 1994 and 1995. Much 


evidence reinforcing the line taken herein has 
become available since then, and some of it is 
reviewed below. 

Stauffer et al. (1998) examine abrupt climate 
fluctuations in the northern North Atlantic Basin 
(see Fig. 9), and note that the O'* record of the 
GRIP ice core in Greenland confirms; 

... fast and drastic climate v.-irialions during the 
last glacial, so-called Dansgaard-Oeschger events. 
Over Greenland, rapid w,innings of several degrees 
centigrade took place in a few decades, and were 
followed by a slower cooling and return to full 
glacial conditions. All but one of the Dansgaard- 
Oeschger events have a concomitant in ice-rafting 
debris recorded in sediment cores from the North 
Atlantic. 


Implausibly in my opinion. Bond et al. (1997) 
,sugge.st that these millennial-scale events ‘origin¬ 
ated through processes linked to the climate eyele’ 
and that their immediate cause ‘was a series of 
ocean-surface coolings’; ic. they arc an effect not 
a cau.se. (He does not say what did cause the 
ocean-surface coolings.) 

Stauffer et al. are more believable in suggesting 
that ‘the fresh-water input resulting from the 
iceberg discharge has the potential to alter the 
North Atlantic Deep Water (NADW) formation’— 
and hence to drive those ‘fast and drastic climate 
variations’. 

However, neither of these new papers recognises 
Mdrncr’s (1984, 1996) view that abrupt change 
in the region most susceptible to climate change— 
the northern North Atlantic Basin—is caused by 
eustatic sea level rise and subsequent momentum 
readjustments. 

Surging continental ice-sheets, as evidenced by 
layers of IRD in the North Atlantic, are an obvious 
cause of rapid sea-level rise. Another cause could 
be the breaching of an ice dam to release a con¬ 
tinental accumulation of melt-water. Grosswald 
(1993) discu.s.ses breaching of the Kara ice dam 
at approximately the time of the Younger Dryas 
climatic event (an abrupt but temporary resumption, 
early in the current Interglacial, of almost-glacial 
conditions in the northern North Atlantic Basin; 
see Fig. 8). 

Finally, Alley (1998) describes an ideali.sed 
double cycle for northern North Atlantic Basin 
climate change during the last Glacial where 
the multi-millennial ‘Bond cycles’ (each with a 
Heinrich event at its nadir, and marked on 
the topmost graph of Fig. 9) comprise several 
Dansgaard-Oeschger cycles at a millennial period¬ 
icity. He concludes: 
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The tremendous rate of discovery ... almost 
guarantees that more exciting results will emerge 
soon, but ... ice-sheet forcing of widespread 
climate change remains at least a viable model, 
and perhaps the preferred one. 

That the influence of ice-related events during 
the last Glacial extended beyond the North Atlantic 
Basin is illustrated by Dorale et al. (1998), who 
report that in Missouri: 

... the midcontinental climate was characterized by 
cool/warm oscillations every 3000 to 7000 years. 
This frequency resembles that of the glacial-period 
climate oscillations observed in North Atlantic 
marine sediments and ice-cores, most notably the 
Heinrich events and Dansgaard-Oeschger cycles. 


Methane and natural variability 

Stauffer et al. (1998) find a correlation between 
the Dansgaard-Oeschger temperature fluctuations 
recorded in the Greenland ice cores and parallel 
variations in methane (CHq) concentration of 
contained air bubbles (see Fig. 9). They also 
illustrate an excellent correlation between CH 4 
concentrations in Greenland and Antarctic (Byrd) 
ice cores. Notably, they fail to find any similar 
correlation between northern and southern CO 2 
fluctuations in the same two ice cores, and conclude 
that ‘determination of the relationship between 
climate and global CO 2 concentration remains a 
challenge’. Their paper loosens the nexus between 
natural climate variability and atmospheric CO 2 
concentration. 

Alley et al. (1993) demonstrate doubling of the 
snow accumulation rate in the Greenland ice-cap 
over an extremely short (one to three year) period 
at the end of the Younger Dryas. 

Now, Severinghaus et al. (1998) have used the 
rapid build-up in the thickness of unconsolidated 
snow (firn) at the time of that transition (top graph 
in Fig. 10) to estimate the concurrent temperature 
change (based on thermal fractionation of nitrogen 
isotopes '■^N/'‘'N in air bubbles). The authors put 
the average surface temperature at the Greenland 
core-site during the Younger Dryas at -46±3°C, 
compared to -31°C today. They estimate that 
5-10°C of the change occurred during several 
decades or less, and perhaps in less than a 
decade, at the end of the Younger Dryas. The full 
temperature transition was completed over the 
subsequent 1.5 ky. 

Whatever their cause, the abrupt warming at the 
end of the Younger Dryas, and the associated step- 
change in the level of precipitation over Greenland, 


must have been in response to an extreme event 
of some sort. This is catastrophism, not gradualism. 

The lower graph in Fig. 10, also from 
Severinghaus et al., uses a stretched time-scale 
to show the build-up in atmospheric CH 4 con¬ 
centration across the period of abrupt warming. 
Their conclusion is that CH 4 concentration begins 
to rise some 30 years after the corresponding 
increase in the proportionate concentration of '^N. 

That atmospheric CH 4 concentration tracks fluc¬ 
tuations in climate is well demonstrated by Stauffer 
et al.; and now, Severinghaus et al. make it clear 
that CH 4 additions to the atmosphere are an 
outcome, not cause, of warming. An important 
question of principle is thus resolved. 


A long backward look 

Raymo (1998) report that IRD layers can be 
recognised in North Atlantic sea-bed cores back 
for more than a million years—on a millennial- 
scale (1-5 ky) periodicity. This demonstrates that 
cyclic ice-related events, not unlike those discus.sed 
above, were a feature of the northern North Atlantic 
Basin; 

... under a inarkedly different climate regime when 
glacial episodes were less severe, atmospheric CO 2 
concentrations may have been higher, and climate 
over much of the globe varied almost exclusively 
at the 41-kyr period of orbital obliquity. 

Paillard (1998) discusses the cold/warm (ie. 
Glacial-Interglacial) climate succession over the 
past million years and more of the current Ice Age. 
This cyclicity is generally accepted as orbitally 
forced, at least in regard to the 23 ky (precession) 
and 41 ky (obliquity) variation in insolation at 
high northern latitudes that is evident in the 
climate record. However, over at least the last 
half-million years, climate variation has been 
more pronounced than previously, and at a 100 ky 
period corresponding to the eccentricity of the 
orbit. Tlic difficulty is that insolation variations 
at the 100 ky period seem much too small to 
cause the observed major climate fluctuations. 
There is obviously more to the Glacial-Interglacial 
alternations than can be explained by current 
knowledge. 

However, and irrespective of the 41 or 100 ky 
period of the dominant climate fluctuations, the 
millennial-scale periodicity in ice-rafting events and 
associated lesser climate variations has persisted 
in the North Atlantic Basin region for a million 
years. Whatever their cause, they appear not to be 
orbitally-induced. 
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Fig. 10. A. Greenland GISP2 ice-core records of ice accumulation rale and oxygen-isotope variation covering 
the last deglaciation. B, Methane content versus age plotted to an expanded scale across the end of the Younger 
Dryas. Bidecadal mean oxygen-isotope variation is shown for comparison, [Reprinted with permission from: 
Severinohaus, J. P. et al., 1998. Timing of abrupt climate change at the end of the Younger Dryas interval 
from thermally fractionated gases in polar ice. Nature 391: 142-143. Copyright 1998 Macmillan Magazines Limited.] 
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Conclusions on ice and climate 

Recap of Heinrich events. Heinrich Layers are the 
footprint of ice-related events—typically, each a 
metre-thick sediment layer in the Labrador Sea 
grading to about a centimetre off the coast of 
Ireland. Whatever the trigger for the Heinrich 
armadas, the enormous volume of IRD deposited 
confirms them as extreme events. The Heinrich 
events dominated climate in the northern North 
Atlantic Basin region; and in form of less-abrupt 
cooling/warming episodes, they appear to have had 
a very wide, even perhaps world-wide, influence 
on climate at the multi-millennial scale. 

Explanation of changes. Latent heat from the 
melting ice can hardly have been sufficient to cause 
the major climate changes associated with Heinrich 
events. It appears that Heinrich had a ‘geared-up’ 
impact on northern North Atlantic Basin climate. 
This could have been delayed, via the resultant 
meltwater triggering changed states in the thermo¬ 
haline conveyor which transports equatorial heat 
to the far north—or immediate, via momentum 
changes associated with the transfer of massive 
quantities of continental ice into the oceans. 
Perhaps both played a part. 

A plausible explanation of how the Heinrich 
events might have intluenced climate is given 
below. We also may be justified in extending 
this line of reasoning to the Dansgaard-Oeschger 
cycles. 

We know that H6 followed a long period of 
warmer climate, and HI followed a long period 
of colder climate. We also know that kilometre- 
scale ice thicknesses are good insulators—vide 
fresh water lakes under the Antarctic ice-sheet. 
Therefore, it is unlikely that external climatic 
factors directly caused the Heinrich iceberg 
armadas. Surges must have been internally 
triggered. 

It would have required a large quantity of ice 
to transport a trillion tonnes (1 Tt) of IRD into the 
Atlantic—say 10-100 Tt of ice in less than a 
millennium. This ice, perched on the North 
American continent at some 60°N, would have 
contributed far less to the radius of gyration 
of the Globe than would the water its launching 
would displace. Each Heinrich armada would have 
caused a eustatic rise in sea-level, thus causing the 
spinning Globe to decelerate—because the angular 
momentum of the total system must be preserved. 

Deceleration of the Globe to maintain its level 
of angular momentum would have a number of 
consequences for the mobile oceans, both transient 
and long-lasting. The outcome would be adjust¬ 


ments and readjustments to the movement of 
oceanic water in recognition of both the inertia 
of the W'ater-masses, and the changed speed of 
the Earth’s rotation—with resulting changes in the 
quantity and path of heat-transfer away from 
equatorial regions. 

The much simpler geometry of the Southern 
Hemisphere suggests that more-pronounced vari¬ 
ations in climate would have occurred in the 
North—particularly in the regions surrounding 
the northern North Atlantic Ba.sin. Either warm 
Atlantic surface water would have penetrated 
between Scotland and Iceland, or it would not. 

Solid lithosphere, liquid oceans and transient 
ice-sheets are a linked sy.stem, and their inter¬ 
actions drove the major climate events during the 
last Glacial. Surging of continental ice-sheets causes 
sea level rise; and, following Momer (1984, 1996), 
sea level rise leads on to changes in oceanic heat 
transport—and thus gives rise to contemporaneous 
climate change of varying degree in a variety of 
regions. 

We can go further — the atmosphere was not an 
equal partner in these events. It would have given 
effect to the changes in climate, but it was not 
their trigger. 


First point of departure: conclusions 

The Report’s Technical Summary is described 
therein as presenting ‘a comprehensive, objective 
and balanced view of the subject matter’. However, 
its explanation for past ’sudden changes in the 
regional (North Atlantic, Western Europe) climate’ 
as being ‘presumably mainly in response to 
precipitation and runoff changes’ has an air of 
the ‘omissions and bias’ about which Fisk (1997) 
warns us. 

Furthermore, its failure to mention ice-related 
extreme events as a plausible, and more likely, 
trigger for the ‘large and rapid climate changes ... 
during the last glacial period and during the 
transition towards the present interglacial’ is taken 
here as evidence of Fisk’s ‘imagination block’. 

This neglect is important because IPCC’s WG 1 
relies to a considerable extent on numerical models 
for its analyses and predictions; and it is difficult 
to accommodate extreme events in models. If ice- 
sheet surges were to be accepted as an important 
past driver of climate change, they would by 
analogy demand recognition when considering the 
future. 

Clearly, the atmosphere must have played a 
major role in propagation; but ice-related extreme 
events do seem to offer a more-plausible trigger 
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for abrupt climate changes during the last Glacial. 
Alley (1998) puts it in non-adversial fashion when 
he says: 

... ice-sheet forcing of widespread climate change 
remains at least a viable model, and perhaps the 
preferred one. 

It is not that we can say surging of continental 
ice is ‘right’ and precipitation and runoff is ‘wrong’ 
as an explanation of what triggered climate fluctu¬ 
ations during the last Glacial. It is a matter of 
weighing up the various possibilities, according to 
the evidence available. TTie Report identifies but 
one possibility—and one which appears not to be 
the most likely. Imagination block is proven. 


NATURAL VARIABILITY: LITTLE ICE AGE 
Second point of departure 

The Summary for Policymakers of the Report, com¬ 
prising pp. 3-7, ‘represents the formally agreed 
statement of the IPCC concerning current under¬ 
standing of the science of climate change’. Included 
in this Summary are two headlines in bold which 
are of particular relevance to the current analysis. 

The first is ‘Climate has changed over the past 
century’; and the first dot-point listed under this 
heading is; 

Global mean surface air temperature has increased 
by between about 0.3 and 0.6°C since the late 
19th Century; the additional data available 
since 1990 and the re-analyses since then have 
not significantly changed the range of estimated 
increase. 

The second is ‘The balance of evidence sug¬ 
gests a discernible human influence on global 
climate’; and here, the first dot-point listed under 
the heading is: 

The limited available evidence from proxy climate 
indicators suggests that the 20th Century global 
mean temperature is at least as warm as any other 
century since at least 1400 ad. Data prior to 1400 
are too sparse to allow the reliable estimation of 
global mean temperature. 

If the existence of the Little Ice Age (ad 1300- 
1900) and rebound from its depths over the last 
century and more had been somewhere fiagged, 
these two dot-pointed statements would have been 
placed in context. They might well then have been 
seen by ‘policymakers’ in quite a different light. 


Cold-to-warm transition 

End of the last Glacial. The last Glacial-Inter¬ 
glacial transition was a global, rather than hemi¬ 
spheric or regional, event. It was relatively abmpt 
at any one place, although its advent appears 
not to have been contemporaneous world-wide. 
This major climatic step-change came as early as 
16 kyBP in central Australia, and as late as 

13 kyBP in central Asia. 

Figures 8 and 10 illustrate the transition in 
the North Atlantic Basin region, as recorded in 
Greenland ice-cores. A longer perspective of the 
change is given by Fig. 5 based on the pollen 
record of French lake sediments, and by Fig. 3b 
based on planktonic foraminifera in sea-bed cores 
from the North Atlantic. Here, the LGM covered 
a period of .some 10 ky from about 28-18 kyBP; 
and it was succeeded by an abrupt switch to warm 
conditions at about 15-14 kyBP, marking the start 
of the current Interglacial 
A similar cold-to-warm transition is apparent in 
the Vostok ice-core from Antarctica, and also in 
cores of sea-bed sediments from tropical and low- 
northern latitudes. 

Decay of northern ice-sheets. Hughes (1987) dis¬ 
cusses the decay of the North American ice-sheet. 
Peak glaciation was at 18 kyBP, although at 

14 kyBP the ice-cap still covered virtually the 
whole continent down to 50°N (except Alaska and 
part of Yukon)—and almost to 40°N in the east. 
By 8.5 kyBP the ice had contracted to two separate 
areas covering only Greenland and the Hudson Bay 
region. All the major northern ice-sheets were gone 
by about 6 kyBP, save for that on Greenland. 

The epicentre of North American ice deposition 
was Hudson Bay, where the ice was some 3 km 
thick. Ruddiman & Wright (1987) reason that the 
weight of ice would have depressed the Earth’s 
surface over a period of time, and that there would 
have been a strong positive feedback during 
the sub.sequent deglaciation. Because there is a 
delay in the bedrock rebound which follows ice 
unloading, they suggest that: 

... as insolation begins to melt the ice, the ice 
surface is lowered in elevation, bringing it into 
the warmer layers of the lower atmosphere. This 
increases ablation, thus lowering the ice surface 
even more, and the process accelerates. 

Hughes (1992) also discusses the extent of 
the Europe-Asia ice sheet at 18 kyBP. There 
were substantial centres of ice deposition in the 
Finland-Scandinavia region, and on the continental 
shelf of European Russia; and a much less massive 
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ice-cap extended across northern Siberia to the 
Far East. The Fennoscandian ice-sheet also en¬ 
compassed the North Sea and Scotland; and the 
Kara ice-dome stretched across the Barents Sea to 
the islands at the edge of the deep Arctic Ocean. 

The Kara was the largest glacier in Eurasia 
during the LGM, with an area of 6 million square 
kilometres (mkm^); and Grosswald (1993) makes 
the point that ice-sheets in that region would have 
blocked north-flowing rivers until at least 13 kyBP. 
He mentions re-advances of this ice-sheet at 11- 
10 and 8.5-8 kyBP, when the area under ice 
recovered to 4 and 2 mkm- respectively. These 
expansions and contractions of the ice-sheet gave 
an opportunity for large-scale damming and release 
of water from the north-flowing Russian rivers. 


Ice-sheets and sea-level changes. The great melt¬ 
ing of continental ice-sheets between 18-6 kyBP— 
and to a much lesser extent, the thermal expansion 
of oceans and isostatic rebound of continents— 
as Earth made the Glacial-Interglacial transition, 
would explain the observed 120 m rise in eustatic 
sea level, as shown in Fig. 6. 

Along with the delay in iso.static rebound, 
Ruddiman & Wright (1987) recognise iceberg 
calving as an important positive feed-back for 
deglaciation. Large portions of the Northern Hemi¬ 
sphere ice-sheets were grounded below sea-level 
in areas that are at present shallow seas (eg. Hudson 
Bay, Baltic Sea, Kara Sea). As sea-level ro.se, these 
parts of the ice-sheets became vulnerable to rapid 
loss of mass to the ocean via iceberg calving. 
Rising sea-level not only increased calving by 
breaking up ice-shelves, but also by then removing 
the back-pres.surc on the inland regions of the ice- 
sheets. Presumably, this increased the ability of 
ice-sheets to flow into the ocean—thus further 
increasing sea-level. 

However, isostatic rebound of heavily-glaciated 
continents on removal of their burden of ice makes 
difficult the measurement of ab.solute increases 
in global sea level. Therefore, the most reliable 
records are likely to be those remote from the 
previously-glaciated regions. Fairbanks (1989) uses 
cores from drowned Acropora palmata (coral) 
banks in the Bahamas for his yardstick. He finds 
about 120 m of sea-level rise since 18 kyBP, but 
with little of the rise after 6 kyBP. The Beringia 
land-bridge was flooded by II kyBP (Colinvaux 
1996) to create Bering Strait, and the drowning of 
Bass Strait dates from about that time. Of particular 
interest herein, Fairbanks calculates the rate of 
glacial melt-water discharge necessary to achieve 
the pattern of sea-level rise he detects. There are 


two massive water influxes; and they are in the 
vicinity of 13 and 10 kyBP respectively. 

The forming and subsequent breaching of the 
Kara ice-dams, as discus.sed by Grosswald, provides 
a plausible explanation of these pulses. 

Younger Dryas cold period 

By far the most prominent climatic disturbance 
during the current Interglacial was the Younger 
Dryas at about 12 kyBP. This striking event 
returned lands adjacent to the northern North 
Atlantic to near-glacial conditions for roughly a 
thousand years (sec Figs 8, 10), and caused near- 
contemporaneous but lesser cooling in many parts 
of the world. Unlike the repetitious Heinrich and 
Dansgaard-Oeschger events discussed above, the 
Younger Dryas is a one-off and appears not to 
be closely associated with IRD layers in the 
North Atlantic. 

Lehman & Keigwin (1992) analyse seabed core 
data from the North Atlantic region over the 
transition from the last Glacial to the present 
Interglacial, including both the abrupt Glacial 
termination and the subsequent brief reinstatement 
of pronounced cold conditions in the Younger 
Dryas. They demonstrate that, at least in the case 
of Fairbanks’ larger and earlier sea-level pulse, 
accelerated melting of neither the Fennoscandian 
(NW Europe) nor the Laurentian (NE North 
America) ice-sheet was its cause. 

While there is no clear-cut resolution yet of the 
dating involved, it could well be that Fairbank’s 
two massive observed pulses, whether or not 
reflecting the two brcachings of the Kara ice-dam, 
have a relationship to the Younger Dryas interval. 
In any case, sea-levcI change must be a key part 
of any convincing explanation for this striking 
event. 

Miirner (1993) remains consistent with this line, 
saying: 

The classical Scandinavian paleoclimatic record 
gives a sudden wanning at about I3,(X)0 yr B.P., 
a sudden cooling at the onset of the Younger Dryas 
Stadial at about I l,(X)0 yr B.P. and a drastic wanning 
at the end of the Younger Dryas Stadial at about 
10,3(X)-I().()(X) yr B.P. ... The corresponding .sea 
level changes are a rising, a falling .and a rising 
trend respectively. 

and 

... we are primarily dealing with ocean circulation 
changes (due to the interchange of angular 
momentum between the ‘solid’ earth and the 
hydrosphere), causing the redistribution of mass 
(sea level) and heat (climate) ... 
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Figure 4C-E from Morner (1996) illustrate his 
point; and he reeruits a few straw-men in the form 
of some eurrent (and in his view, implausible) 
explanations: 

With respect to my proposal of an oceanographic 
origin ... to the high-amplitude changes within this 
period. I note the following statements: ‘responses 
to some kind of threshold or trigger in the North 
Atlantic climate system’; ‘large-scale changes in 
oceanic circulation in the north Atlantic region’; 
‘instabilities in the North Atlantic thennocline cir¬ 
culation’; and ‘we have to look for oceanographic 
events’. I can see no other mechanism than the 
rapid redistribution of w,ater masses via surface 
circulation (and related deep water motions) in a 
feedback coupling with the interchange of angular 
momentum. The sca-levcl data records this like 
the ‘beat on a cord’ signal in the isotope (ic. 
temperature) record. 

The rate of snow accumulation doubled at 
the end of the Younger Dryas over a period of 
only one to three years (sec Fig. 10). Here at 
least. Alley ct al. (1993) think on similar lines 
to Mbmcr: 

In particular, such climate variables as whole-ocean 
salt budgets, insolation, atmospheric CO 2 concen¬ 
tration and ice-sheet size are unlikely to have 
changed as rapidly as this. 


Current period of stable climate 

Holocene—a geological oddity. We now look at 
the Holocene—the last 10 ky of relatively benign 
conditions. ‘Relative’ is an important qualifier, 
because at 8 kyBP European Russia still endured 
an ice-sheet of some 2 mkm^, and much the same 
was the case in NE North America. It was 
not until nearly 6 kyBP, that continental ice had 
retreated to roughly its present bounds; with a 
consequent tapering-off in the relentless rise of 
world sea level. 

Lehman (1993) reports, based on the Greenland 
ice cores, that much of the period 40-8 kyBP was 
marked by sudden 5-IO°C switches in temperature. 
Of particular interest for our analysis, he continues 
that: 

... the pa.st 8,000 years of relatively stable climate 
have been a geological oddity—the last litne that 
there was as little ice on Earth as tod.ay (the last 
—Eemian—interglacial period about 120 kyBP), 
temperatures over Greenhand v,iried even more 
wildly than during the glacial period, shifting by 
as much as 10-I2°C in just decades and remaining 
in place for as little as 70 years. 


Closer examination shows that the Holocene is 
not a time of unchanging climate, even now that 
continental glaciation has completed the retreat to 
its present bounds. Fluctuations continue, although 
at a lesser amplitude than previously. For instance, 
Heinrich (1988) detects a pronounced mid-Holocene 
warm period (the Holocene Optimum) in north¬ 
eastern Atlantic sea-bed cores. 

Hughes (1992) suggests that a source of 
Holocene climate changes is the Greenland ice¬ 
cap—although it is small in volume compared to 
former northern ice-sheets: 

Life cycles of Greenland ice streams during the 
Holocene seem to be linked to episodes of regional 
climate cooling; most recently, the Little Ice Age. 

Johnson ct al. (1992) see things much as does 
Hughes: 

The glacial interstadials (warmer periods during 
the last Glacial) were indeed linked to changing 
circulation in an ocean partly covered by sea ice, 
but it should be borne in mind that within the last 
millennium, the well documented medieval warmth 
in Europe was gradually replaced by the ‘little ice 
age’, when Iceland was frequently surrounded by 
sea ice, and the succeeding warming culminated in 
an abrupt temperature increase in the 1920s, loo 
abrupt to be explained by the increasing greenhouse 
effect. 

A time of stable sea-level. Morner (1996) does 
not appear to recognise sea-level changes in the 
latter part of the Holocene. He illustrates water 
movements during the Holocene Optimum in 
Fig. 4F; and explains the origin of climate 
fluctuations since the mid Holocene as qualitatively 
different from those which went before: 

At around 5-6 ka BP ago. the glacial eustalic rise 
in sea level .stopped and the terrestrial system 
came into a new mode of unchanged total angular 
momentum. This period was, on the other hand, 
characterized by a dominance of interchange of 
angular momentum between the Earth’s different 
sub-layers and in particular between the solid Earth 
and the hydrosphere (the oceanic circulation of water 
masses). 

Evidence from mountain glaciers. Denton & 
Karldn (1973) studied the fluctuation of II small 
alpine glaciers in Alaska and the Yukon (St 
Elias Mountains), and 40 in Swedish Lapland 
(Kebnekaise and Sarek Mountains) during the 
Holocene. 

They find several glacial retreats and advances 
(associated in North America with a rising and 
falling spruce line) occurring at the same time on 
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both continents. The Holocene Optimum succeeded 
an interval of glacial advance at about 8 kyBP, 
and was succeeded in turn by renewed advance in 
the 5800-4900 yBP interval. Since then. North 
America and Western Europe have experienced two 
further glacial episodes at 3300-2400 yBP, and 
again during the Little Ice Age of ad 1300-1900. 
In general, the warmer intervals of Holocene 
mountain-glacier fluctuation lasted longer than the 
colder intervals. 

In the case of the Little Ice Age, Denton 
& Karlen refer to initial glacial advance in 
the period ad 1270-1385 which terminated the 
Medieval Warm Pcnod, followed by a brief interval 
of amelioration and subsequent more intense 
glaciation culminating in ad 1710-20. After some 
minor relief, the maximum glacial advance of the 
Little Ice Age was at about ad 1750-60, with 
slightly less extensive re-advances culminating 
about AD 1810-20 and 1840-50. They note that 
general glacial recession began about ad 1860 
and was ‘especially drastic in the decades following 
1920’. This latter observation accords well with 
Fig. II adapted from Walsh (1991). 


AREALLY AVERAGED TEMPERATURE N OF 55‘N 



Fig. II. Areally averaged temperature anomalies for the 
region poleward of 55°N. (Land data from P. D. Jones, 
University of East Anglia; sea-surface data from UK 
Meteorological Office.) [Reprinted with permission from: 
Walsh, J. E., 1991. The Arctic as a bellwether. Nature 
352: 19. Copyright 1991 Macmillan Magazines Limited.] 


Denton & Karlen observe that small alpine 
glaciers afford a sensitive indicator of ‘climatic 
change that emphasizes high-frequency fluctuations 
superimposed on long-term trends’; and that; 

Glacial retraction accompanied the relatively wann 
portions of the Middle Ages, particularly about 


A.D. 1000-1200, whereas glacier expansion marked 
the colder Little Ice Age of subsequent centuries. 

In contrast, pollen profdes and deep-sea records 
rarely reveal even such a marked event as the 
Little Ice Age. 

The Holocene Optimum of about 7-6 kyBP, 
two intervening colder periods, and the Little Ice 
Age of AD 1300-1900 can be seen in the chart 
(Fig. 12) of mid-latitude temperature trends in the 
Northern Hemisphere over the past 10 000 years 
(from Mathews 1976). In the Northern Hemisphere 
at least, natural variability in the Holocene (the 
so-called ‘current period of stable climate’) has 
been both prominent and cyclic. 

Furthermore, the abrupt temperature increase of 
the 1920s, to which Denton & Karldn refer (see 
Fig. 11), appears to anticipate rather than follow 
the increase in anthropogenic emissions of CO 2 
(largely from the burning of fossil fuels, and 
largely post-WW2). In fact, there are two roughly- 
equal tranches of observed Northern Hemisphere 
warming over the past century and more—1920-45 
and 1975 onward. 

Pervasive link between climate cycles 

More recently, and of course well after the writing 
of IPCC’s Report, Bond et al. (1997) refer to 
Denton & Karldn’s neglected concept of a 
‘predictable, millennial-scale climate rhythm’ in 
our present Interglacial (the Holocene period) and 
extend it back in time. 

They analyse sediment cores from offshore 
the SE coast of Greenland and the W coast 
of Ireland at 65 and 54°N, respectively. They 
recognise Holocene layers with a high content of 
lithic grains (ie. an increased proportion of rock 
fragments cf. the tests of marine organisms); 
and thus; 

Contrary to the conventional view, the North 
Atlantic’s Holocene climate must have undergone a 
series of abrupt reorganisations, each with sufficient 
impact to force concurrent increases in debris¬ 
bearing drift ice at sites more than 1000 km apart 
and overlain today by wann, largely ice-free surface 
waters of the North Atlantic ... The ice-rafted debris 
(IRD) events exhibit a distinct pacing on millennial 
scales ... 

Bond et al. also recognise that the cycle of Inter¬ 
glacial (ie. Holocene) IRD events is replicated in 
the last Glacial (the Dansgaard-Oeschger events; 
see Figs 8, 9), at least for as far back as 30 kyBR 
Furthermore, the pacings of Holocene and Glacial 
events have a similar period of 1500—plus or 
minus 500 —years. 
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This cyclic pacing persists across successive 
major climate transitions, including the deglaciation 
at about 15-14 kyBP separating the last Glacial 
from the first warm period (Bplling-Allerpd; see 
Fig. 10) of the present Interglacial, a brief return 
to the near-glacial conditions of the Younger Dryas, 
and the abrupt resumption of warmer conditions 
leading on to the full warmth of the Holocene by 
about 10 kyBP. 

Bond et al. note that no evidence has been found 
of a solar cycle with a 1500-year period; and, 
counter-intuitively in my opinion, go on to suggest 
that this persistent cyclicity across several major 
climatic boundaries is evidence that these IRD 
events are fundamentally climate-driven. They con¬ 
tinue—but happily, in more plausible vein: 

... the Little Ice Age. a wide-spread climatic deterior¬ 
ation culminating about 300 years ago, was not an 
isolated event. Our records demonstrate that the time 
step separating the main phase of the Little Ice Age 
from the previous Holocene event is c. 1100 years, 
falling well within the plaeings of events in the 
composite record. The Little Ice Age, therefore, 
appears to have been the most recent cold phase 
in the series of millennial-scale cycles. 

Dahl-Jensen et al. (1998) describe re-entry of 
two Greenland bore-holes from which ice-cores 
were previously extracted. Down-hole temperature 
profiles have been processed to yield detailed 
records over the recent pa.st which include a 
prominent Medieval Warm Period, a twin-troughed 
Little Ice Age, and a period of renewed warmth 
peaking at ad 1930. Further into the past, the two 
bore-hole records diverge and detail is lacking. 


Nevertheless, higher temperatures than at present 
arc indicated for the middle Holocene. 

The intermittent advances of mountain glaciers, 
already recognised by Denton & Karldn in 1973, 
represent cold phases of a warm/cold cyclic pattern 
going back at least 30 ky—and probably, very 
much longer. The most recent in this long series 
of cyclic cold phases is the Little Ice Age. 

Little Ice Age of ad 1300-1900 

In Northern Europe, where written records are 
available, the Little Ice Age followed the Medieval 
Warm Period of ad 1000-1200. Tuchman (1979: 
24) reports that a physical chill settled on the 
14th Century at its very start; 

The Baltic sea froze over twice, in 1303 and 1306-7; 
years followed of unseasonable cold, storms and 
rains ... Contemporaries could not know it was the 
onset of ... the Little Ice Age. Nor were they yet 
aware that ... communication with Greenland was 
gradually being lost, that the Norse settlements there 
were being extinguished, that cultivation of grain 
was disappearing from Iceland and being severely 
reduced in Scandinavia. But they could feel the 
colder weather, and mark with fear its result: a 
shorter growing season. 

The Maunder (sunspot) minimum was a 70 year 
period of reduced insolation; and near its end, in 
1709 (Mitford 1969: 222), even the Sun King’s 
court suffered: 

(This year) was perhaps the most terrible that 
France has ever known. On 12 January the cold 
came down. In four days the Seine, all the rivers 
and the sea on the Atlantic coast were frozen solid. 



Fig. 12. Past climatic variations in the temperate Northern Hemisphere relative to today’s mean air temperature 
of 15° Celsius. Adapted from a 1995 US National Academy of Sciences report. (The Holocene Optimum is 
shown at about 7 kyBP.) (Reprinted with permission from: Mathews, S. W., 1976. What’s happening to our 
climate? National Geographic L50, 5: 615. Copyright WILLIAM BOND/NGS Image Collection.) 
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The frost lasted for two months; then there was a 
complete thaw; as soon as the snow which had 
hitherto afforded some protection to the land, melted 
away, the frost began again, as hard as ever. The 
winter wheat, of course, was killed as were the 
fruit, olive and walnut trees and nearly all the vines; 
the rabbits froze in their burrows; the beasts of the 
field died like flics. The fate of the poor was terrible 
and the rich at Versailles were not to be envied— 
the fires which roared up the chimneys day and 
night hardly altered the temperature of the enormous 
rooms ... 

Absence of sunspots coincides with reduced 
insolation, and Momer (1996) notes three sunspot 
minima during the generally-cool period of the 
Little Ice Age—at ad 1440-60, 1687-1703 and 
1808-21. The mid 1800s brought the return of a 
more ‘normar climate; although it was not until 
the 1920s (see Fig. 11) that it could be said the 
Little Ice Age was over. 

Present placid period is atypical 

The climate of the last 1.5 centuries, the period 
during which people have measured temperature 
and precipitation, appears to have been atypically 
placid. 

For instance, Laird et al. (1996) report extreme 
drought in the US Great Plains, far worse than 
anything in the modem era, in the periods 
AD 200-370, 700-850 and 1000-1200—the last of 
which coincides with the Medieval Warm Period 
of Europe. Elsewhere, Malville ct al. (1998) discuss 
the hydrological cycle as it applies to the Sahara, 
where before 11 kyBP and after 4.8 kyBP, the 
region west of the Nile in southern Egypt was as 
dry as today. In the interregnum; 

There arc three major moist periods in the Holocene 
epoch in the Eastern Sahara, each of whieh is 
documented by massive silt deposits in the seasonal 
playas, for which we have over 100 radio-carbon 
dates. These three playa episodes of the Early, 
Middle and Late Neolithic ages were separated from 
each other by [reriods of hyperaridity, at 7,300-7,100 
years BP and 6,700-6,500 years BP, when the water 
table was lowered to the same or lower levels than 
those of today. 

More recently, Enzel et al. (1999) report that 
in the Tliar De.sert of northwestern India, lake 
levels fluctuated rapidly in the early Holocene prior 
to a prolonged wet period about 7000-5500 yBP 
(corresponding in time with the peak warmth of 
the Holocene Optimum). Since then, the area has 
become and remained arid. In fact, these and many 
other examples suggest that ‘stable’ might be a 
misnomer for Holocene climate in general. 


Looking to the future 

Lehman (1997), discussing recent work on the end 
of the penultimate Interglacial (c. 130-120 kyBP), 
asks a question—and follows with an observation 
worthy of more than instant dismissal: 

... what caused the about-face in the climate system? 
There is no simple answer. But (tantalizingly) many 
characteristics of the tcnninal interglacial event ... 
are similar to those reported ... for the Little Ice 
Age, a ‘cold snap’ which occurred a few hundred 
years ago. Arctic field geologists have long sus¬ 
pected that the end of the present interglacial was 
then very nearly al hand, as semi-perrnanent snow- 
fields threatened to coalesce over the high plateaux 
of Labrador and Baffin Island. If the coalescence 
had been complete, albedo feedback along with 
decreasing summer insolation (on the decline locally 
for the past 9,000 years) might have triumphed over 
interglacial wannih. 

Ruddiman & Wright (1987) put the nadir of 
summer half-year insolation at 60°N at about 
22 kyBP; even though the maximum extent of 
continental ice-sheets was .somewhat later. Peak 
insolation was at about 12-9 kyBP, although the 
Holocene Optimum (7-6 kyBP) was yet to come. 
There has been a steep decline in northern summer 
insolation since then; and the level now is similar 
to that at 18 kyBP—when a kilometre of ice 
covered the site of Detroit. 

Presumably, there are feedbacks working to 
maintain our warmer climate beyond the time when 
increased insolation was a direct inllucnce. How¬ 
ever, if a ‘little ice age look-alike’ were to come 
upon us for whatever reason, what then? Obviously, 
there would be much less suffering in NW Europe 
while it lasted than in ad I300-I9(X), because of 
improvements in housing and in the distribution 
of food and energy. But. sooner or later, there will 
be a ‘little ice age’ from which there is no recovery. 

A question worth asking 

Arc human activities hastening or delaying the 
inevitable end of the Interglacial? The region which 
will suffer most from the return to harsher con¬ 
ditions—likely to be abrupt when it comes—is that 
surrounding the northern North Atlantic Basin. It 
could be the next in the sequence of ‘little ice 
ages’ which triggers irreversible change. Therefore, 
the question could profitably be rephrased in less- 
general, although perhaps more-divisive, terms; Arc 
human-caused GIIG emissions more likely to help 
or harm those most under threat from long-term 
natural climate change—the heirs to the peoples 
of NW Europe and NE North America? 
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This paper is written in the pursuit of ‘sound 
science’, and not risk analysis. But it is a question 
which IPCC could address. 

Second point of departure: conclusions 

The Summary for Policymakers of the Report states: 

Global mean surface air temperature has increased 
by between about 0.3 and 0.6°C since the late 19th 
Century ... 

and 

The limited available evidence ... suggests that 
the 20th Century global mean temperature is at 
least as wann as any other century since at least 
1400 AD. 

Failure to mention the existence of the Little 
Ice Age (ad I300-I9(X))—and rebound from it 
over the past century and more—in the context 
of the above statements, is a clear instance of 
‘imagination block’. A too-narrow interpretation of 
their significance by ‘policymakers’ is an almost- 
inevitable outcome. 

The subsequent Technical Summary hardly 
redresses the balance when it discusses the issue 
(p. 28) under the heading ‘Is the 20th Century 
warming unusual?’. It says: 

In order to establish whether the 20th Century 
warming is part of the natural variability of the 
climate system or a response to anthropogenic 
forcing, infonnation is needed on chm.ate variability 
on relevant time-scales. As an average over the 
Northern Hemisphere for summer, recent decades 
appear to be the wannest since at least 1400 from 
the limited available evidence. The warming over 
the past century beg.in during one of the colder 
periods of the last 600 years. 

Again, the Little Icc Age is not mentioned, and 
the potential impact of natural variability (see 
Fig. 12) is neglected as a consequence. The 
evidence suggests that the observed warming of 
the past century does indeed include a natural 
element. This raises the que.stion: What are the 
relative contributions of natural variability and 
anthropogenic GHG emissions to that warming? 

It is an important question, because it has an 
impact on the validation against the past of the 
numerical models which IPCC has u.sed to predict 
future warming. The models on which IPCC relies 
have tended to overestimate anthropogenic warming 
during the past century, and may therefore do the 
same for the future. Any observed warming which 
can be attributed to a non-anthropogenic cause will 
tend to exacerbate the problem of matching 
calculation with reality. 


Indeed, IPCC quite fails to recognise the 
importance of the evidence pointing to significant 
natural climate variability at the decades-to- 
centuries time-.scale. The Report (see p. 15 of the 
Tecimical Summary) describes the past 1000 years 
as a ‘period when global climate was relatively 
stable’. The term ‘relatively’ covers a multitude of 
sins, of course; but in that part of the Globe with 
the most extensive records, a Greenland farmer and 
family starving in the 14th Century or the Sun 
King suffering from chillblains in the 18th, would 
hardly agree. 


MORE IMAGINATION BLOCK? 

Reconstructing northern climate 

Recent published work provides robust support 
for the IPCC line. Mann ct al. (1998) reconstruct 
Northern Hemisphere climate from proxies, such 
as tree-ring width and density, back to ad 1400 
as shown in Fig. 13. Their paper begins as follows: 

Knowing both the spacial and temporal patterns of 
climate change over the past several centuries 
remains a key to assessing a possible anthropogenic 
impact on post-industrial climate. In addition to 
the possibility of wanning due to increased con¬ 
centrations of greenhouse gases during the past 
century, there is evidence that both solar irradiance 
and explosive volcanism have played an important 
part in forcing climate variations over the past 
several centuries. 

and they find that: 

The partial correlation with CO 2 indeed dominates 
over that of solar irradiance for the most recent 
200 -year interval, as increases in temperature and 
CO 2 simultaneously accelerate through to the end 
of 1995. while solar irradiance levels off after the 
mid-Twentieth Century. It is reasonable to infer that 
greenhouse-gas forcing is now the dominant external 
forcing of the climate system. 

It i.s an interesting and informative paper; but it 
would have been more useful if it had extended 
its consideration beyond the atmospheric drivers to 
canvass also the issue which concerns us here. 
What might have been the role of the mobile 
oceans in the notable Northern Hemisphere 
warming of the most recent 200-year interval which 
was highlighted by Mann et al.? 

We know that the Little Ice Age is the latest 
in a series of cyclic cold periods during which 
oceanic heat transport in the North Atlantic was 
perturbed; and we can suppose that the initial cause 
of perturbation was probably momentum-related. 
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and in response to the surging of ice-streams. This 
supposition is consistent with the view of Killworth 
(1998) on the potential of the oceans to influence 
climate: 

The top few metres of the ocean have the same 
heat capacity as the entire atmosphere, so that the 
upper ocean can easily both absorb and drive 
atmospheric heal changes. 

The Little Ice Age and aftermath is not men¬ 
tioned by Mann et al. as a plausible—even likely— 
contributor to the climatic variations they observe 
and discuss. In the same issue of Nature, Hegerl 
(1998) reviews the paper by Mann et al.—again, 
without mentioning rebound from the Little Ice 
Age. Hegerl finds that: 

... the reconstructed record for the Northern Hemi¬ 
sphere suggests that the warming is unprecedented, 
at least since 1400. 

and: 

... it seems that increases in greenhouse gases have 
been the main forcing in the Twentieth Century, 
whereas natural climate forcing by changes in solar 
irradiance and vulcanism dominate the early part of 
the record. 


Science carries a further review (Jones 1998) 
appearing one day later than Nature, which also 
includes, inter alia, reference to the work of Mann 
et al. in similar terms. Jones says: 

Despite the different methods of reconstruction and 
the different .scries used ... all clearly show the 
20th Century wanner than all others since 1400. 
The dramatic feature of all three records is the ri.se 
during the 20th Century. 

The words ‘all clearly show the 20th Century 
warmer than all others since 1400’ are a potent 
source of confusion and misunderstanding for lay 
persons, because no proper context is provided. 

The authors of none of the three above papers 
mention the Little Ice Age. Is this yet another 
instance of imagination block? These authors 
might, perhaps, have searched a little deeper if 
they had read the 1860 strictures of Thomas 
Huxley, as quoted by Taubes (1998) in another 
context: 

Science ... warns me to be careful how I adopt a 
view which jumps with my preconceptions, and to 
require stronger evidence for such belief than for 
one to which I was previously hostile. My business 



Fig. 13. Mann reconstruction of Northern Hemisphere mean temperature for the past 600 years from tree-ring, 
ice-core and coral records, with 1902-1980 mean as zero line and actual data added for 1981-97. (Reprinted 
courtesy UMass Amherst News Office. Discussed in: Mann, M. E. et al., 1998. Global-scale temperature patterns 
and climate forcing over the past six centuries. Nature 392: 1656-1659.] 
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is to teach my aspirations to conform themselves 
to fact, not to try and make facts hannonize with 
my aspirations. 

Pulling the contra view 

As discussed above, Denton & Karlen (1973) 
identify the cyclic advance and retreat of mountain 
glaciers in the Northern Hemisphere; and in 
particular: 

The two oldest interv.ils of Holocene glacier expan¬ 
sion occurred 5800-4900 and 3300-2400 calendar 
yr BP. TIic youngest interval began with glacier 
advances in the 14th Century and culminated in the 
Little Ice Age between 1500 and at least 1920. 

Thus, the Little Ice Age is firmly set in the 
context of a warm/cold cyclic Northern Hemisphere 
climate during the Holocene, as illustrated by 
Fig. 12. 

If additional confirmation were needed that 
natural variability is a potent factor in 20th Century 
climate-change, it is provided by Bianchi & 
McCave (1999). They analyse the grain-size distri¬ 
bution of sediments in sea-bed cores taken from 
south of Iceland. The pattern of sedimentation is 
an indicator of the velocity of cold bottom-water 
returning from the Norwegian Sea to the Atlantic— 
and thus a proxy for the quantity of warm Atlantic 
surface-water flowing into the Arctic Ocean. By 
way of preamble, Bianchi & McCave state that: 

The poleward llux of warm saline Atlantic waters 
is partly counterbalanced by the deep, dense, return 
flow of ISOW (Iceland-Scotland Overflow Water) 
which crosses the Iccland-Seotland ridge mainly 
through the Faeroe Bank channel to enter the Iceland 
basin. Together with a similar dense overflow 
through the Denmark Strait, this process constitutes 
the initial step of the global ocean conveyor-belt 
model. 

and 

Marine isotope stage 3 (-60-30 kyBP) was 

characterised by extreme millennial-scale climate 
instability resulting in the D.ansg.Tard-Oeschger 
temperature fluctuations seen in ice-core and marine 
records of temperature, and also resulting in ice 
rafting. Our results show that even during the 
generally stable Holocene there is an underlying 
fluctuation in the strength of ISOW flow south of 
Iceland with a similar periodicity, which may be 
linked to climate changes. 

These authors find that the system of oceanic 
circulation in the northern North Atlantic Hipped 
into its present state after about 7.5 kyBP ‘when 
most of the remaining glacial ice had been melted’, 
and they derive a pronounced 1500-year periodicity 


from the .sedimentary grain-size distribution—very 
similar ‘to that of ice-rafting events recently 
reported for the past -30,000 yr in the northeast 
Atlantic centred at 1,470 yr ...’. They continue: 

At present we are still recovering from a time of 
colder climate known as the Little Ice Age, centred 
at -4(X) yrBP, which, in our record, coincides with 
reduced ISOW flow intensity ... since then deep¬ 
water flow vigour has been increasing. Modem 
values are comparable to the last warm interval in 
European history, known as the Mediaeval Warm 
Period, which peaked at different times in various 
regions surrounding the North Atlantic basin between 
-750 and 1.050 yrBP (ad -900 to 1250). 

In their opinion, solar variation is an unlikely 
forcing mechanism for the observed cyclicity; and 
they suggest that ‘an oceanic internal oscillation 
in “conveyor” strength is more probable’. Two 
conclusions, in particular, are worth repeating here: 

Our results ... lend strong support to the idea that, 
as in glacial times, deep water masses originating 
in the high-latitude North Atlantic play an important 
role in modulating climate in the present interghicial. 

and 

There is now no doubt that the Earth's climate is 
highly unstable on millennial time-scales. However, 
our data do not provide an explanation for the 
ultimate forcing mechanism(s) of these events, and 
more than one process could be responsible for the 
changes in ISOW flow vigour recorded ... 

It can no longer be maintained that the observed 
surface warming in the Northern Hemisphere over 
the past one and a half centuries must be attributed 
to anthropogenic changes in the composition of the 
atmosphere. 


LOOKING AHEAD; 

WEST ANTARCTIC ICE-SHEET 

Third point of departure 

Status report on the science. ‘Forward from Kyoto’ 
is the title of an article by Sir John Houghton in 
Science and Public Affairs (Houghton 1998), a joint 
publication of the Royal Society and the British 
Association for the Advancement of Science. Sir 
John is identified as ‘Co-Chairman of the Science 
Assessment, Intergovernmental Panel on Climate 
Change’. Docs he give any indication that IPCC’s 
Third Assessment Report (release expected in 
late 2(X)0 or early 2001) might look at climate 
change science from a higher vantage-point than 
previously? 
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The auguries are not good, I am afraid; and Sir 
John’s views appear to be very much ‘the mixture 
as before’. In particular, he asserts that: 

The agreement at Kyoto is strongly rooted in the 
eontext of accurate and honest science ...—the belief 
that the science of climate change as expounded by 
the Intergovernmental Panel on Climate Change 
(IPCC) is basically sound ... 

After detailing probable impacts. Sir John puts 
the question; 

What are the greatest uncertainties in projecting 
likely climate change next century? 

and he then provides the answers: 

The increase in the main greenhouse gas, carbon 
dioxide, and its link with fossil fuel burning is well 
understood. Less well known are the climate effects 
of particles in the atmosphere from a variety of 
sources, for instance from forest burning and from 
sulphates generated through emissions from power 
stations and other industrial activity. Uncertainties 
in quantifying the likely changes also arise from 
our lack of knowledge of some of the major 
feedbacks which occur in the climate system, in 
particular those arising from changes in cloudiness, 
those due to interactions with the ocean circulation 
and those due to changes in the biosphere. 

Is IPCC still ‘in denial’? Of icc, there is no 
mention. Ocean circulation does get a glancing 
reference at the end, but the quotation above sounds 
like the words of an atmospheric scientist, rather 
than of a climate scientist sensu lato. 

Geoscientists will know of well-documented, 
and often quite drastic, regional climate changes 
during the last 10 000 years (the Holocene), and 
much bigger changes in the preceding 5 ky 
covering the Glacial-Interglacial transition and 
the Younger Dryas. And yet the analogy which 
the past provides for continued natural variability 
is ignored by Sir John. It is not that he doesn’t 
mention the past at all; in fact he says quite early 
in his ‘Forward from Kyoto’ article: 

The hydrological cycle is likely to be more intense 
(leading in some places to more frequent and more 
intense floods and droughts) and the rate of climate 
change is likely to be substantially greater than the 
Earth has experienced over at least the last 10,000 
years.’ 

It is a courageous assertion. First, it ignores 
the likes of Hughes (1987) who demonstrates that 
continental northeastern North America was not 
rid of its covering of ice until after 7 kyBP. One 
outcome of the melting of ice-sheets was a eustatic 


increase in sea-level of about 20 m over the 
8-6 kyBP period—necessarily reducing LOD by 
several hundred milliseconds. Substantial readjust¬ 
ments of oceanic (and atmospheric) circulation 
would have been the inevitable result. 

Furthermore, it neglects known substantial 
Holocene climate fluctuations described in papers 
such as those of Denton & Karldn (1973) or 
Malville et al. (1998)—to select examples from an 
abundant literature. The Mountain is not yet ready 
to come to geoscience, it appears. If IPCC is to 
have its outlook appropriately broadened, geo¬ 
scientists mu.st make more of an effort to come 
to the Mountain. 


Role for the Southern Hemisphere 

Antarctic ice-cap. Until now, we have been 
considering the periodic surging of Northern 
Hemisphere ice-sheets and the impact this has on 
climate in the regions surrounding the northern 
North Atlantic Basin. But some 90% of today’s 
continental ice is stored in Antarctica, including 
about 10% in the West Antarctic ice-sheet (WAIS). 

Budd & Meinnes (1979) provide a warning of 
the potential relevance of Antarctic ice movements 
to sea level, and to climate on at least a regional 
scale. Their abstract begins: 

Sudden rapid advances or surges of glaciers and 
sections of small ice caps are well known. After 
remaining donnant or in retreat over long periods 
of time these ice masses suddenly move forward 
rapidly with speeds about 2 orders of magnitude 
greater than usual. If such surges were to occur in 
large sections of the Antarctic ice sheet serious 
consequences could result. These include a signi¬ 
ficant rise of sea level, a substantial increase in the 
high-albedo ice cover around the continent especially 
in summer, and a cooling of the Antarctic ocean 
by the additional icc melting. 

West Antarctic ice-sheet. The latter is grounded 
below sea level (see Fig. 14 from Scherer et al. 
1998) on the Antarctic continental shelf, plus on 
an archipelago of islands—in contrast to the larger 
ice-sheet in Ea.st Antarctica which is firmly ba.sed 
on the emergent continent. 

Is a collapse likely of the WAIS? We know that 
individual ice-streams therein arc surging now; and 
the possibility exists that the entire accumulation, 
perhaps rendered unstable by the 120 m sea-level 
rise since the last Glacial, could be lost during the 
next several thousand years—as might well have 
been its fate in the Eemian; see below. 
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Fig. 14. Approximale configuralion of the West Antarctic 
seaways after the complete collapse of the WAIS. The 
setting would include some combination of open water, 
sea ice, fringing ice shelves, coastal tidewater glaciation, 
and ice tongues. [Reprinted with pcnnission from: 
Scherer, R. P. et al., 1998, Pleistocene collapse of the 
West Antarctic ice sheet. Science 281: 82. Copyright 
1998 American Association for the Advancement of 
Science.] 


Potential impact on northern climate. Even if 
the WAIS were to maintain its current volume 
on average, individual surges will dump ice in 
the sea. The mass thus rapidly lost will only 
gradually be replaced through the accretion of snow. 
Therefore, sea-level rises will be fast and falls will 
be slow. It may not matter where the floating ice 
originates, so long as it is quickly discharged into 
the sea; and the consequent rise in sea-level and 
subsequent momentum adjustments are likely to 
have their maximum impact on the climate of NW 
Europe and the adjacent northern North Atlantic 
Basin region. 


Surging of ice-sheets. 

Example of mountain glaciers. That mountain 
glaciers can surge is well established by Meier & 
Post (1969), using repeat aerial photography from 
western North America; and they observe that the 
total horizontal displacement of ice during the 
intermittent active phases is typically a few 
kilometres, rather than Viooth or Vioth that distance 
during the much-longer intervening quiescent 
phases. What causes surging? Meier & Post say: 


Almost nothing is known about subglacial rock 
pcnncabilitics. bed roughness, or heat flow con¬ 
ditions under glaciers: these might detcmiine the 
necessary (if not sufficient) boundary conditions for 
a surge. 

Large-scale surges. That surging can also occur 
on the scale of continental ice-sheets, is demon¬ 
strated by the Heinrich iceberg armadas launched 
at intervals averaging about 7 ky during the last 
Glacial. Further compelling evidence is provided 
by the lesser IRD layers associated with the 
Dansgaard-Oeschger events at a more-regular 
c. 1.5 ky pacing—and by their successor-events 
during the current Interglacial, and predecessors 
probably going back a million years. 

Possible siirging-mechanisms. Hughes (1975) dis¬ 
cusses the instability of continental ice-sheets with 
particular reference to the WAIS, and sees surging 
ice-streams and rising sea-level as the two main 
causes. He takes the explanation of surging a step 
further: 

Inherent glacial in.stability leading to disintegration 
of an ice sheet is probably related in every case 
to the formation of a subglacial water layer thick 
enough to effectively decouple the ice sheet from 
its bed. In the West Antarctic ice sheet, the sub¬ 
glacial water layer can be either injected under the 
ice sheet or produced by basal heating. 

Again dealing with the WAIS, Alley & Whillans 
(1991) consider that some lubricant, other than just 
water, must be separating an ice-stream from 
its bed in order to allow the rapid flow-rates 
evident during surges. They suggest the presence 
of a layer of ‘porous, unconsolidated debris 
containing pressurized water’ to separate a surging 
ice-stream from its rocky bed. 

Alley (1998) returns to the Northern Hemisphere, 
and to basal heating: 

Growth of the Laurentide Ice Sheet ... would have 
trapped geothermal heat near the bed. Sufficient 
wanning could have caused basal melting of the 
ice sheet and triggered an ice surge, flooding the 
North Atlantic with ice-rafted debris and melt water. 

Finally, wc have the innovative suggestion of 
Rowden-Rich & Wilson (1996) that changes at the 
bed of an ice-stream are not the initiating factor 
for a surge at all. Instead, they favour decoupling 
of ice-stream and bed by the development higher 
up in the ice column of: 

... preferred crystallographic orientations within the 
ice mass. This pattern is reinforced as each bedrock 
perturbation is encountered in slow glacier flow. 
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Foliation in shear lenses is propagated downstream 
progressively. The slow coalescence of these shear 
lenses in time is highly likely to initiate fast motion, 
or surging in temperate glaciers, or ice streams in 
polar iee sheets. 

Informed speculation 

Hughes (1992) points to the permanent North and 
South Polar ice-sheets at opposite ends of the 
Atlantic at the time of the LGM, some 18 kyBP. 
The northern ice-sheet has now been reduced to 
little more than the ice-cap over Greenland, whereas 
Antarctica is still substantially covered in ice. 

Hughes refers to the analogy of the catastrophic 
disintegration of the North American ice-sheet since 
the termination of the last Glacial, and suggests 
(in relation to the less well-founded segment in 
West Antarctica; see Fig. 14): 

There is good reason to believe that the 
corresponding portion of the Antarctic ice sheet 
is presently disintegrating. 


Sea-level today is about 120 m higher than 
at the LGM, with most of the rise taking place 
between 18-6 kyBP in line with the melting of 
continental ice-sheets. He supports his contention 
by pointing out that sea-level was some 6 m 
higher still during the zenith of the last Interglacial 
(Stage 5e, the Eemian); and he attributes the 
difference to the collap.se and melting of the WAIS 
at that time (c. 120 kyBP). However, he lacks 
evidence to support this speculation. 

The timing of previous collapses of the 
WAIS is still not resolved. Scherer et al. (1998), 
based on the presence of diatoms and beryllium- 
10-bearing particles in cores from a layer of 
‘deformable clay-rich diamicton’ below fast-flowing 
WAIS ice stream B (see Fig. 15, from Bindschadler 
et al. 1998) could conclude only that the last time 
open-marine conditions existed in that part of the 
Ross Sea was ‘during the past 0.75 my’, with 
perhaps the most likely candidate being an 
‘interglacial of unusually long duration’ at about 
400 kyBP. 



Fig. 15. Location of West Antarctic features. Letters A-F refer to ice streams. Outer line is edge of continental 
shelf. Dashed line is interior iee divide. [Reprinted with permission from: Bindschadler. R. A. et al., 1998. What 
is happening to the West Antarctic ice sheet? Eos 79, 22: 265. Copyright 1998 by the American Geophysical 
Union.] 
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Debate: steady-state versus surging 

Steady-state. Bentley (1997) presents the ‘old’ 
case for a steady-state WAIS, as follows: 

The present-day outflow of ice from the WAIS is 
equivalent to about I mm/year in sea-level rise; that 
amount is roughly balanced by the withdrawal of 
water from the ocean to produce snowfall over the 
ice sheet. 

and later 

... I believe that a rapid rise in sea level in the 
next century or two from a West Antarctic cause 
could only occur if a natural (not induced) collapse 
of the WAIS is imminent, the chances of which, 
ba.sed on the concept of a randomly titned collapse 
on the average of once every 100,000 years, are 
on the order of 0.1%. 

Surging. On the other hand, Bindschadler (1997) 
asserts that the idealised ‘steady-state’ glacier can 
only be found in textbooks. He presents the ‘new’ 
case: 

Ice streams are critical components of the ice flow 
in the potentially unstable West Antarctic ice sheet 
... It is known that they How on a lubricated, 
defonning, mcarine scditnenl at speeds faster than 
most glaciers, but at surface slopes much lower than 
most glaciers. 

(Rowdcn-Rich & Wilson suggest above that 
surging docs not take place along a lubricated bed, 
but along shear planes of re-aligned ice crystals 
well above the base of the ice-mass—thus once 
surging starts, sub.scquent rapid movement is un- 
inlluenccd by the substrate.) 

Bindschadler continues (sec Fig. 15 for key); 

The West Antarctic ice sheets drains roughly one- 
third of its mass into the Ross Ice Shelf. Ice Streams 
B, D and E are the primary routes: Ice Stream C 
is inactive and Ice Streatn A’s catchtnent lies more 
in Ea.st Antarctica. 

The evidence available to Bind.schadler from 
ground surveys, airborne observations and satellites 
‘strongly suggests that these three ice streams 
(B, D and E) are in a stale of active surging’. 
In particular, the grounding line of Ice Stream B 
(ie. the landward margin of the Ross Ice Shelf) 
lies 600 km from the ice divide. At its estimated 
current rale of retreat (100-500 m/yr), the head 
of the surging ice stream will be at the ice divide 
in 1200-6000 years. 

Provided surging of the ice streams across the 
divide (toward the Filchner-Ronne Ice Shell) is 
also underway, and ignoring the complication 
imposed by (palaeo) Ice Stream C which stopped 


moving c. 140 years BP, the progressing collapse 
of the WAIS into the sea should now be giving 
a net contribution to world sea level rise of 1- 
4 mm/yr. Bindschadler sees 50-100 ky as a reason¬ 
able range of estimate for the full regeneration of 
the WAIS following its impending disintegration. 
This period would be consistent with a previous 
collapse in the Eemian Stage of the penultimate 
Interglacial. 


New information 

Considerable information post-dates Houghton’s 
(1998) review of unresolved scientific is.sues. 

Evidence of surging-specds. Bindschadler & 
Vomberger (1998) have used recently-declassified 
intelligence satellite photographs from the early 
1960s (which greatly extend the area of ground 
observations beginning in the late 1950s), together 
with uses radiometer images for 1980 and 1992 
and French SPOT images for 1989 and 1992, to 
analy.se changes near the mouth of Ice Stream B, 
where it joins the (floating) Ro.ss Ice Shelf. 

A persistent oval-shaped ice raft, some 15 km 
in length, has moved downstream by about 20 km 
between 1963 and 1989—at an average veloeity 
of 770 m/yr. However, detailed ground-work in 
1984-85 established its velocity at that time as 
only 470 m/yr. Assuming its velocity had reduced 
linearly with time, it must have been travelling at 
970 m/yr in 1963. This inferred speed is consistent 
with satellite radar interferometry measurements 
for Pine Island Glacier of 1200 m/yr during 1992- 
96 (Rignot 1998); and similarly, Rosanova et al. 
(1998) report a surging-speed of 2200 m/yr in the 
Thwaites Glacier just above its grounding line in 
some 2000 m of water. (Both glaciers debouch 
into the Amundsen Sea; see Fig. 15.) 

Furthermore. Jacobson & Raymond (1998) have 
calculated that, in homogeneous iee-sheets, shear¬ 
generated warming will broaden a surging ice- 
stream into the adjacent quiescent ice when surging 
speed exceeds about 500 m/yr. 

WAIS: new status report. Bindschadler (1998) 
finds that ‘the evidence for a large negative mass 
balance for all of West Antarctica is inconclusive’. 
He tells us (see Fig. 14) that: 

West Antarctica is the most prominent remaining 
icc-filled marine basin on Earth. It is drained by 
fast-moving ice streams that extend far into the 
ice-sheet interior. Theoretical analysis of such 
‘marine-based’ ice sheets suggests that they arc 
unstable. 
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and 

The West Antarctic lee Sheet has undergone much 
larger changes than the adjacent East Antarctic Ice 
Sheet and has raised sea level 11 m over more than 
the last 14,000 years (losing two-thirds of its mass 
in the process) at an average rale of 0,8 mm/ 
year. Grounding-line positions support a model of 
accelerating retreat, but the required overall mass 
balance in West Antarctica would need to be 
considerably more negative than can be confirmed 
from current data. 

He concludes by saying that: 

More accurate prediction of the future of the West 
Antarctic Ice Sheet requires an understanding of the 
dynamics responsible for its behaviour and more 
data on its history. 

Chapman Conference. There is growing discussion 
of the abrupt climate changes observed during the 
last Glacial, and to a lesser degree the current 
Interglacial, and of what might have caused them. 
Charles (1998), covering the American Geophysical 
Union’s Chapman Conference on ‘Mechanisms of 
millennial-scale global climate change’, held at 
Snowbird, Utah, says: 

The conference objective w.ts to discuss the climate 
processes that may explain the inferences from 
archives such as ice cores and deep-sea sediment 
cores—temperature swings of up to I0°C, spaced 
several thou.sand years apart, occurring over much 
of the Eanh’s surface but more violently when the 
Earth was in a partly or fully glaciated state. The 
disquieting feature of these climate changes is 
that the switch between cold and warm conditions 
apparently happened in as little as 20 years. 
Identifying the processes responsible would help 
assess the likelihood of climate ‘surprises’ associated 
with global wanning. 

Support from Greenland. Recently, Krabill et al. 
(1999) compared airborne laser-altimeter surveys 
flown over southern Greenland in 1993 and 1998. 
Their work raises the possibility that surging is 
also taking place now in SE Greenland glaciers; 
they found that: 

There is a remarkably sharp transition from thick¬ 
ening in the west to thinning in the east almost 
exactly along much of the ice-sheet ridge where it 
runs north-south ... Most rapid thinning rates (more 
than I m/ycar) were observed in the lower reaches 
of east coast outlet glaciers ... Over the 5-year 
period, total thinning of as much as 10 m was 
observed in the lower reaches of all east coast out¬ 
let glaciers th.it were surveyed ... Consequently, we 
believe the glaciers to be thinning as a result of 
increased creep rather than because of excessive 
melting or decreased snowfall. 


Conclusions on Antarctica 

How might surging of WAIS ice-streams change 
climate? The various authors who discuss Antarctica 
talk about the possible impact of reconfigured 
ice-shelves, or of freshwater layers in the .Southern 
Ocean, on currents and on deep-water formation— 
and hence on oceanic heat transport in the Atlantic. 
They also mention the effect of albedo changes 
on the Globe’s ability to absorb heat from the sun. 
But none mention the necessary response of the 
spinning Globe to the resultant rise in sea level, 
and the impact this might have on regional climate 
in that most sensitive of regions, the northern North 
Atlantic Basin. 

However, from the viewpoint of ice-and-ocean- 
driven natural climate variability over the decades 
and centuries ahead, the message is clear: WAIS 
ice streams do surge, and some are surging now; 
and it is known that their rate of progress can 
vary dramatically over a short period. 

Obviously, more study is needed; but the 
indications are that events such as surging of 
ice-streams in the WAIS should not be ignored 
as a potential source of significant natural climate 
variability at the decades-to-centuries time-scale 
relevant to humans. 


Third point of departure: conclusions 

That Houghton’s (1998) review of ‘the greatest 
uncertainties in projecting likely climate change 
next century’ fails to mention ice, and hardly 
mentions oceans, indicates a further case of 
imagination block. 


CONCLUSION: 

DYNAMIC CLIMATE SYSTEM 

Climate is dynamic not static 

This paper examines the WG I Report ‘Climate 
Change 1995: the Science of Climate Change’ 
(Houghton et al. [eds] 1996) which forms ptirl of 
IPCC’s Second Assessment Report. The crucial 
conclusion of my analysis, and my main point of 
disagreement with the IPCC Report, is that the 
climate system is dynamic not static and is strongly 
influenced by extreme events. Climate is not 
exclusively uniformitarian—not even at the time- 
scale of decades to centuries which is relevant 
to humans. A brief .summary of the evidence 
supporting this conclusion is as follows: 
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Climate in the northern North Atlantic Basin 
region appears to have fluctuated with a millen¬ 
nial-scale cyclicity for the past million years. 

Over the past hundred thousand years at least, 
most of these abrupt changes of mega-regional 
climate are known to have been associated with 
outbursts of continental ice into the North 
Atlantic in the form of iceberg armadas. 

The great ice-sheets of the Northern Hemi¬ 
sphere have now melted, with the exception of 
that over Greenland, but the cyclic warm/cold 
North Atlantic Basin climate has maintained its 
c. 1500-year pacing right through the Glacial- 
to-Interglacial tran.sition into the Holocene period 
of the past ten thousand years. 

Even in the Holocene, cyclic cold periods 
are associated with layers of ice-rafted detritus 
deposited in the North Atlantic. The ice 
presumably originates in Greenland. 

Within the past thousand years, the latest 
of these cyclic cold periods influenced North 
Atlantic Basin climate during c. ad 1300-1900. 
By analogy with its predecessors, this Little Ice 
Age was probably also triggered by an ice-related 
extreme event. 

The warming observed in the northern part of 
the Northern Hemisphere over the past hundred 
years and more, particularly the first tranche of 
prominent warming in the period ad 1920-45, 
is likely to have included a large element of 
natural rebound from the Little Ice Age. (The 
second tranche of warming, from 1975 onward, 
better correlates with the post-WVV2 surge in 
human-caused GHG emissions.) 

Ninety per cent of the world’s remaining 
continental ice is in Antarctica; and the smaller 
of its two ice-sheets, that in West Antarctica, is 
the only major ice accumulation still occupying 
a marine basin. The 120-metre rise in world sca- 
Icvcl across the Glacial-to Interglacial transition 
appears likely to have destabilised the West 
Antarctic ice sheet. 

Recent studies confirm that ice-.strcams do 
surge, and they confirm that at least some of 
the ice-streams in the West Antarctic ice sheet 
arc surging now. Substantial quantities of 
Antarctic ice are moving into the sea on a 
time-scale relevant to humans. 


Risk is a separate issue 

Neither the Report nor this paper deals with 
environmental risk. They deal only with the first 
step: making the science as ‘sound’ as possible, 
based on the current level of knowledge. Neither 


transgresses beyond assessment of the science into 
the subsequent steps of risk analysis and risk 
management. Nevertheless, the issues raised in this 
study arc not ju.st of academic interest. 

The world has only a limited quantity of 
zeal and money to devote to the environment. 
To the extent that both arc spent on limiting 
anthropogenic GHG emissions, other pressing needs 
suffer countervailing neglect. For instance, the 
degradation, destruction, and irreversible alienation 
of habitat threaten the biodiversity of which we 
are custodians. A balance needs to be struck. 


Conclusions 

The conclusions of this investigation are that, 
unlike the line which can be drawn from a reading 
of the IPCC Report (Houghton et al. [eds] 1996), 
and from the list of uncertainties (Houghton 1998) 
which IPCC has yet to resolve; 

Climate is not driven by the atmosphere alone, 
but by oceans and atmosphere acting in concert. 
Furthermore, at least at the scale of centuries 
to millennia, there is compelling evidence that 
ice also plays a key a role in natural climate 
variability. Finally, extreme events (such as 
surges of continental ice-sheets, or abrupt 
changes in oceanic heat transport) were an 
integral part of changing climate in the past, 
thus demonstrating that the climate system is 
dynamic not uniformitarian or gradualist. 

Natural climate variability displays a strong 
element of cyclicity at a range of time-scales 
—from the global-scale Glacial-Interglacial at 
a hundred thousand year periodicity, through 
the well-documented Mediaeval Warm Period- 
Little Ice Age type of o.scillation in the Northern 
Hemisphere at fifteen hundred years (and then 
through various more-frequent and less well- 
documented regional elements), down to 
prominent El Nino warm events with a variable 
frequency of less than a decade. 

Recently-detected movements in the West 
Antarctie ice sheet indicate the possibility that 
there is a climate-influencing event now in 
progress or imminent. Further study of current 
West Antarctic ice-surges is required. 

For its next Assessment Report, IPCC needs a 
broader range of skills than appear to have been 
deployed in writing the Summary for Policymakers 
and Technical Summary of the Working Group 1 
contribution to its Second Report. Geoscientisls 
should be given a voice in their areas of expertise 
adequate to counterbalance that of the atmospheric 


XCII 


ROBERT J. FOSTER 


scientists, and thus better ensure that IPCC’s next 
assessment of the science (expected in early 2001) 
is free from omissions and bias. 

The abrupt warming of the Northern Hemisphere 
in the 1920-45 period was almost certainly the 
result of a changed ocean-circulation regime in the 
aftermath of an ice-relatcd extreme event. To treat 
the question of ice and its likely future impact on 
oceanic heat-transport by again ignoring it. would 
perpetuate IPCC’s imagination block. 


REFERENCES 

Adkins. Jess F., Boyle. Edward A., Keiowin. Lloyd & 
CoRTUo. Ei.sa, 1997. Variability of the North 
Atlantic Ihermohaline circulation during the last 
interglacial period. Nature 390: 154-156. 

Alley. Richard B., 1998. Icing the North Atlantic. Nature 
392: 335. 3.37. 

Alley, R. B. & Whillans, I. M., 1991. Changes in the 
West Antarctic Ice Sheet. Science 254: 956- 
963. 

Alley. R. B.. Meese, D. a.. Shuman, C. A., Cow, 
A. J.. Taylor, K. C.. Grootes, P. M., White, 
J. W. C., Ram, M., Waddington, E. D., Mayewski, 
P. A. & Zielinski, G. A.. 1993. Abrupt increase 
in Greenland snow accumulation at the end of the 
Younger Dryas event. Nature 362; 527-529. 

Alley. R. B. & MacAyeal, D. R., 1994. Icc-raftcd 
debris associated with binge/purge oscillations of 
the Laurentide Ice Sheet. Paleoceanography 9: 
503-511, 

Barnola, j. M., Raynaud, D., Korotkevich, Y. S. & 
Lorius, C.. 1987. Vostok ice core provides 
160 000-year record of atmospheric CO 2 . Nature 
329: 408414. 

Bentley, Charles R., 1997. Rapid sea-level rise soon 
from West Antarctic ice sheet collapse? Science 
275: 1077-1078. 

Bianchi, Giancarlo G. & McCave, 1. Nicholas, 1999. 
Holocene periodicity in North Atlantic climate and 
deep-ocean flow south of IceKind. Nature 397; 
51.5-517. 

Bills. Bruce G., James, Thomas S. & Mengel, John 
G., 1999. Climatic impact of glacial cycle polar 
motion: coupled oscillations of ice sheet mass and 
rotation pole position. Journal of Geophysical 
Research 104. Bl; 1059-1075. 

Bindschadler, Robert, 1997. Actively surging West 
Antarctic ice streams and their response 
characteristics. Annals of Glaciology 24: 409- 
414. 

Bindschadler, Robert, 1998. Future of the West 
Antarctic Ice Sheet. Science 282: 428429. 

Bindschadler, Robert & Vornberger, Patricia, 1998. 
Changes in the West Antarctic Ice Sheet since 
1963 from declassified satellite photography. 
Science 279: 689-691. 


Bindschadler, R. A., Alley, R. B., Anderson, J., 
Shipp, S.. Boms, H., Fastook, J., Jacobs, S., 
Raymond, C. F. & Shuman, C. A., 1998. What is 
happening to the West Antarctic Ice Sheet? Eos 
79, 2; 2.57, 264-265. 

Bond, Gerard, Broecker. Wallace, Johnsen, Sigfus, 
McManus, Jerry. Labeyrie. Laurent, Jouzel, 
Jean & Bonani, Georges, 1993. Correlations 
between climate records from North Atlantic sedi¬ 
ments and Greenland ice. Nature 365: 143-147, 

Bond, Gerard C. & Lorn, Ru.sty, 1995. Iceberg dis¬ 
charges into the North Atlantic on millennial time 
scales during the last glaciation. Science 267: 
1005-1010. 

Bond, Gerard, Showers, Wiu.iam, Cheseby, Maziet, 
Lorn, Rusty, Almasi, Peter. deMenocal, Peter, 
Priore, Paul, Cullen, Heidi. Hajdas. Irka & 
Bonani, Georges, 1997. A pervasive millennial- 
scale cycle in North Atlantic Holocene and Glacial 
climates. Science 278: 1257-1265. 

Bowler, J. M., 1996. Antarctic ice cap origins: global 
lhennost.it and sea level controls in evidence 
from Southern Australia. In Program and Abstracts 
of The 1996 Selwyn Memorial Symposium, 
Victoria Division—Geological Society of Australia, 
Melbourne. 16-19. 

Broccoli, Antoony J., 1994. Learning from past climates. 
Nature 371: 282. 

Broecker, W. S.. 1984. Terminations. In Milankovitch 
and climate. A, Berger, J. Imbric, J. H.iys, G. 
Kukla & B. Salizman, eds, D. Reidel, Dordrecht, 
2: 687-698. 

Broecker, Wallace S., 1994. Massive iceberg discharges 
as triggers for global climate change. Nature 372: 
421424. 

Broecker, Wally. Bond. Gerard & McManus. Jerry, 
1993. Heinrich events: triggers of ocean circulation 
change? In Ice in the climate system, W. Richard 
Peltier, ed., NATO workshop, Aussois 1992, 
Springer-Verlag, Berlin and Heidelberg, 161-166. 

Budd, W. F. & McInnes, B. j., 1979. Periodic surging 
of the Antarctic ice sheet—an assessment by 
modelling. Hydrological Sciences Bulletin 24, I: 
9.5-103. 

Burton, Kevin W., Ling, Hong-Fei & O'Nions, R. Keith, 
1997. Closure of the Central American Lsthmus 
and its effect on deep-water formation in the North 
Atlantic. Nature 386: 382-385. 

Charles. Christopher. 1998. The ends of an era. Nature 
394: 422 4 23. 

CoLiNVAUX, Paul, 1996. Biogcography: low-down on a 
land bridge. Nature 382; 21. 

Dahl-Jensen, D., Mosegaard. K.. Gundestrup, N., 
Clow, G. D., John.sen, S. J.. Hansen, A. W. & 
Balling, N., 1998. Past tempcralure directly from 
the Greenland Ice Sheet. Science 282: 268- 
271. 

Denton, George H. & Karlen, WibjOrn, 1973. Holocene 
climatic variations—their pattern and possible 
cause. Quaternary Reseaivh 3: 155-205. 

Dickson, David, 1997. The ‘Sokal Affair’ lakes trans¬ 
atlantic turn. Nature 385: 381. 


CLIMATE-CHANGE DEBATE: GEOSCIENTISTS WANTED 


xciii 


Dorale. Jeffrey A., Edwards, R. Lawrence, Ito, 
Emi & GonzAlez, Luis A., 1998. Climate and 
vegetation history of the Midcontinent from 75 to 
25 ka: a speleothem record from Crevice Cave, 
Missouri, USA. Science 282: 1871-1874. 

Driscoll, N. W. & Haug, G. H., 1998. A short circuit 
in thermohaline circulation; a cause for Northern 
Hemisphere glaciation? Science 282: 436, 438. 

Enzel, Y., Ely. L. L., Misiira. S., Ramesii, R., 
AMtT. R.. Lazar, B„ Rajaouru, S. N., Baker, 

V. R. & Sandler, A.. 1999. High-resolution 
Holocene environmental changes in the Thar 
Desert, northwestern India. Science 284: 125-128. 

Fairbanks, Richard G., 1989. A 17 000-year glacio- 
custatic sea level record; influence of glacial 
melting rates on the Younger Dryas event and 
deep ocean circulation. Nature 342: 637-642. 

Fisk, David. 1997. Sound science and the environment. 
Science & Public Affair.t Spring: 46-49. 

Flohn, Hermann, 1978. Comparison of Antarctic and 
Arctic climate and its relevance to climatic 
evolution. In Antarctic glacial history and world 
palaeoenvironinents, E. M. van Zinderen Bakkcr, 
ed.. Symposium Proceedings, Birmingham 1977, 

A. A. Balkema. Rotterdam, 3-13. 

Flohn, Hermann, 1987. The role of ice sheets in 
climatic history. In The physical basis of ice 
sheet modelling. Proceedings of the Vancouver 
Symposium (lAHS Publ. 170), 321-341. 

Foster, Robert J.. 1974. Eocene cchinoids and the Drake 
Passage. Nature 249: 751. 

Grosswald, Mikhail G., 1993. Extent and melting history 
of the Late Wcichsclian ice sheet, the Barents-Kara 
continental margin. In Ice in the climate system. 

W. Richard Peltier, cd., NATO workshop, Aussois 
1992, Springer-Verlag, Berlin and Heidelberg, 
1 - 20 . 

Grousset. F. E., Labeyrie, L., Sinko, j. a., Cremer, 
M., Bond, G., Duprat, J., Cortijo, E. & 
Huon, S.. 1993. Patterns of ice-rafted detritus 
in the glacial North Atlantic (40-55°N). Pale- 
oceanography 8, 2: 175-192. 

Hegerl, Gabriele, 1998. Climate change: the past as 
guide to the future. Nature 392: 758-759. 

Heinrich, Hartmut, 1988. Origin and consequences 
of cyclic ice rafting in the Northeast Atlantic 
Ocean during the past 130000 years. Quaternary 
Research 29: 142-152. 

Houghton, John, 1998. Forward from Kyoto. Science & 
Public Affairs Spring: 4-6. 

Houghton, J. T., Meira Filho, L. G., Callander, 

B. A., Harris, N.. Kattenderg & Maskell, K., 
eds. 1996. Climate change 1995: the science of 
climate change. Cambridge University Press, 
Cambridge, New York and Melbourne, xii-r 
572 pp. 

Huber, Brian T. 1998. Tropical paradise at the 
Cretaceous poles? Nature 282: 2199-2200. 

Hughes, T. 1975. The West Antarctic ice sheet: instability, 
disintegration, and initiation of ice ages. Review 
of Geophysics <& Space Physics 13, 4: 502-526. 

Hughes, T., 1987. Ice dynamics and dcglaciation models 


when ice sheets collapse. In North America 
and adjacent oceans during the last deglaciation. 
W. F. Ruddiman & H. E. Wright Jnr, eds, 
(vol. K of The Geology of North America) 
Geological Society of America, Boulder, Colorado, 
183-220. 

Hughes, T., 1992. Abrupt climatic change related to 
unstable ice-sheet dynamics: toward a new 
paradigm, Palaeogeography, Palaeoclimatology, 
Pataeuecology (Global and Planetary Change 
Section) 97: 203-234. 

JoiiNSEN, S. J., Clausen, H. B., Dansgaard, W., 
Fuhrer, K„ Gundestrup, N., Hammer, C. U., 
IVERSEN, P„ JOUZEL, J. & STEFFENSEN, J. P, 1992. 
Irregular glacial interstadials recorded in a new 
Greenland ice core. Nature 359: 3II-3I3. 

Jacobson, H. P. & Raymond, C. F, 1998. Thermal effects 
on the location of ice stream margins. Journal of 
Geophysical Re.search 103, B6: 12 111-12 122. 

Jones, Phil, 1998. It was the Best of Times, it was the 
Worst of Times. Science 280: 544-545. 

Kaufman, Alan J., 1997. An ice age in the tropics. 
Nature 386: 227-228. 

Killworth, Peier, 1998. Something stirs in the deep. 
Nature 396: 720-721. 

Krabill, W., Frederick, E., Manizade. S., Martin, C., 
SoNNTAG, J., Swift, R., Thomas, R., Wright, W. 
& Yungel, j., 1999. Rapid thinning of parts of 
the South Greenland ice sheet. Science 283: 
1522-1524. 

Laird, Kathleen R„ Fritz, Sherilyn C., Maasch, 
Kirk A. & Gumming, Brian E, 1996. Greater 
drought intensity and frequency before ad 1200 
in the Northern Great Plains, USA. Nature 384: 
552-554. 

Lehman, Scott, 1993. Climate change; ice sheets, way¬ 
ward winds and sea change. Nature 365: 108-109. 

Lehman, Scott, 1997. Sudden end of an interglacial. 
Nature 390: 117, 119. 

Lehman, S. & Keiowin, L, D., 1992. Sudden changes in 
the North Atlantic circulation during the last 
deglaciation. Nature 356: 757-762. 

MacAyeal, D. R., 1993a. A low-order model of the 
Heinrich event cycle. Paleoceanography 8: 767- 
773. 

MacAyeal, D. R., 1993b. Binge/purge oscillations of the 
Lauientide ice sheet as the cause of the North 
Atlantic’s Heinrich events. Paleoceanography 8: 
775-784. 

McGuire, W. J., Howarth, R. J., Firth, C. R., Solow, 
A. R., Pullen, A. D., Saunders, S. J., Stewart, 
1. S. & Vita-Finzi, C., 1997. Correlation between 
rate of sca-lcvcl change and frequency of explosive 
vulcanism in the Mediterranean. Nature 389; 473- 
476. 

Mahlman, j. D., 1997. Uncertainties in projections 
of human-caused climate warming. Science 278: 
1416-1417. 

Malvii.le, j. McKim, Wendorf, Fred, Mazar, Ali A. 
& SCHILD, Romauld, 1998. Megaliths and Neo¬ 
lithic astronomy in southern Egypt. Nature 392: 
488-491. 


XCIV 


ROBERT J. FOSTER 


Mann, Michael E., Bradley, Raymond S. & Hughes, 
Malcolm K., 1998. Global-scale icmpcraiure 
patterns and climate forcing over the past six 
centuries. Nature 392: 

Marcus, Steven L., Chao, Yi & Gegout, Pascal, 1998. 
Detection and modelling of nontidal oceanic effects 
on Earth's rotation rate. Science 281: 1656-1659. 

Masood, Ehsan, 1997. Climate panel forccasLs way 
ahead. Nature 385: 7. 

Mathews, Samuel W., 1976. What’s happening to our 
climate? National Geographic 150, 5: 576-615. 

Meier, Mark F. & Post, Austin, 1969. What are glacier 
surges? Canadian Journal of Earth Sciences 6, 4 
pt 2: 807-817. 

Mitford, Nancy, 1969. The Sun King: Louis XIV at 
Versailles. Sphere Books, London, 256 pp. 

MOrner, Nils-Axel, 1984. Planetary, solar, atmospheric, 
hydrospheric and endogene processes as origins 
of climate changes on the Earth. In Climate 
Changes on a Yearly to Millennial Basis, N. A. 
Momer & W. KarliSn, cds, D. Reidel. Dordrecht, 
483-507. 

Morner, Nils-Axel, 1991. Trans-polar VGP shifts and 
Eanh’s rotation. Geophysics. Astrophysics. Fluid 
Dynamics 60: 149-155. 

Morner, Nils-Axel, 1993. Global change: the high- 
amplitude changes 13-10 ka ago. Global & Planet¬ 
ary Change 7: 243-250. 

Morner, Nils-Axel, 1996. Earth rotation, ocean cir¬ 
culation and palaeoclimate: the North Atlantic— 
European example. In Late Quaternary Palae- 
oceanography of the North Atlantic Margins. 
J. T. Andrews, W. E. N. Austin, H. Bergsten & 
A. E, Jennings, eds. Geological Society Special 
Publication No. Ill, London, 359-370, 

Paillard, Didier, 1998. The timing of Pleistocene 
glaciations from a simple multiple-stale climate 
model. Nature .391: 378-381. 

Peltier, W. R. & Hyde, W., 1984. A model of the Ice 
Age cycle. In Milankovitch and climate, A. Berger, 
J. Imbrie, J. Hays. G. Kukla & B, Sallzman, cds, 
D. Reidel, Dordrecht, 2: 565-580. 

Rampino, Michael R. & Self, Stephen, 1992. Volcanic 
winter and accelerated glaciation following the 
Toba super-eruption. Nature 359: 50-52. 

Raymo, M. E. & Ruddiman, W. F.. 1992. Tectonic forcing 
of late Cenozoic climate. Nature 359: 117-122. 

Raymo, M. E., Ganley, K., Carter, S., Oppo, D. W. 
& McManus, J., 1998. Millennial-scale climate 
instability during the early Pleistocene epoch. 
Nature 392: 699-702. 

Rignot, E. j., 1998. Fast recession of a West Antarctic 
glacier. Science 281: 549-551. 

Rosanova, C. E., Lucchitta, B. K. & Ferrigno, J, G., 


1998. Velocities of Thwaites Glacier and smaller 
glaciers along the Marie Byrd Land coast. West 
Antarctica. Annals of Glaciology 27: 47-53. 

Rowden-Rich. R, J. M. & Wilson, C, J. L., 1996. Models 
for strain localisation in Law Dome. Antarctica. 
Annals of Glaciology 23: 396-401. 

Ruddiman, W. F. & Wright, H. E. Jnr, cds, 1987. 
Introduction, In North America and adjacent 
oceans during the last deglaciation (vol. K of 
The Geology of North America) Geological Society 
of America, Boulder, Colorado, 1-12. 

Scherer, Reed P., Aldahan. Ala, Tulaczyk, Slawek, 
Possnert, Goran, Engelhardt, Hermann & 
Kamb, Barclay, 1998. Pleistocene collapse of the 
West Antarctic ice sheet. Science 281: 82—85. 

Severinghaus, Jeffrey P., Sowers, Todd, Brook, 
Edward J., Alley, Richard B. & Bender, 
Michael L.. 1998. Timing of abrupt climate 
change at the end of the Younger Dryas interval 
from Ihennally fractionated gases in polar ice. 
Nature 391: 141-146. 

Stauffer, B., Blunier, T, Dallenbach, A.. Indermuhle, 
A., Schwander, j., Stocker, T. F., Tschumi, I., 
Chappellaz, j.. Raynaud, D., Hammer, C. U. & 
Clausen, H, B., 1998. Atmospheric CO2 con¬ 
centration and millennial-scale climate change 
during the last glacial period. Nature 392: 59-62. 

Taubes, Garry, 1998. The (political) science of salt. 
Science 281: 898-907. 

Thouveny, Nicolas, de Beaulieu, Jacques-Louis, 
Bonifay, EuGtNE, Creer, Ken M,. Gulot, Joel, 
IcoLE, Michel, Johnsen, Siofus, Jouzel, Jean, 
Reille, Maurice, Williams, Trevor & William¬ 
son, David, 1994. Climate variations in Europe 
over the past 140 kyr deduced from rock 
magnetism. Nature 371: 503-506. 

Tuchman, Barbara W., 1979. A distant mirror: the 
calamitous 14th Century. Penguin Books, Har- 
mondsworth, Middlesex, 677 pp. 

Walsh, John E„ 1991. The Arctic as bellwether. Nature 
352: 19-20. 

Watson, Robert T., Zinyowera, Marufu C.. Moss, 
Richard H. & Dokken, David J., eds, 1996. 
Climate Change 1995. Impacts, adaptions and 
mitigation of climate change: scientific-technical 
analysis. Cambridge University Press, Cambridge, 
New York and Melbourne, x-f 879 pp. 

Wii,S 0 N, C. R., 1998. Oceanic effects on Earth’s rotation 
rate. Science 281: 1623-1624. 

YlOU, P. & Ghil, M., 1993. Nonlinear paleoclimatic 
variability from Quaternary records. In Ice in the 
climate .system, W. Richard Peltier, ed., NATO 
workshop, Aussois 1992, Springer-Verlag, Berlin 
and Heidelberg, 557-578. 



PROCEEDINGS 

OF THE 

ROYAL SOCIETY OF VICTORIA 

INCLUDING 

TRANSACTIONS OF MEETINGS 

Volume 111 


ROYAL SOCIETY’S HALL 
9 VICTORIA STREET, MELBOURNE, VICTORIA 3000 





© Copyright — Royal Society of Victoria Incorporated, 1999 


ISSN 0035-9211 


CONTENTS OF VOLUME 111 


PROCEEDINGS 
Adams, R. and Gdybr, H. 

ISanksia integrifolici Linncus fil. infestation by xyloryctid moth larvae. Cape Schanck, Victoria 
Arciiboi.d, N. W. 

Additional records of Permian brachiopods from near Rat Buri, Thailand 
Ashton, D. H. 

Ecological studies on Pelican Island, Western Port, Victoria 
Birch, W. D. 

The Turriff meteorite from Victoria, Australia 
Bird, F. L. and Jenkins, G. P. 

Abundance, biomass and estimated production of invertebrate fauna associated with seagrass, 
Heterozostera tasmcmica, in Swan Bay and an adjacent area of Port Phillip Bay, Victoria 

Brock, G. A. and Talent, J. A. 

Roanella, a new ?billingsclloid brachiopod from the Late Cambrian Dolodrook limestones, 
cast-central Victoria 

Chen, Z. Q. and Shi, G. R. 

Revision of Prelissoiiiynchia Xu & Grant, 1994 (Brachiopoda) from the Upper Permian of 
South China 

CouLsoN, G., Alviano, R, Ramp, D. and Way, S. 

The kangaroos of Van Yean: history of a problem population 

Doeg, T. J. 

Distribution and conservation status of the stonelly Thaumatoperla jlaveola Burns & Neboiss 
in the Mt Bullcr-Stirling area 

Duan, Y., Yang, J. L. and Shi, G. R. 

Middle and Upper Cambrian polymerid trilobites and biostratigraphy, Fenghuang area. Western 
Hunan Province, China 

Hinwood, j, B. and McLean, E. J. 

The Snowy River; a malurc barrier estuary 

Hogeboom, T. and Archuold, N, W. 

Additional specimens of Early Permian brachiopods from the Callytharra Formation, Carnarvon 
Basin, Western Australia: New morphological data 

Holmes, F. C, 

Australian Tertiary Apatopygidae (Echinoidea) 

Kefford, B. j, and Doeg, T. J. 

Macroinvcrtcbratc fauna and water quality in two irrigation channels in the Shepparton 
Irrigation Region, Victoria 


93 

71 

229 

103 

1 

107 

15 

121 

87 

141 

215 

255 

51 

131 

297 


Kintrup, a. and Enright, N. J. 

Docs smoke derived from Victorian native vegetation stimulate germination of dormant soil- 
stored seed? 


Contents of Volume III continued overleaf 


Kotsonis, a., Cameron, K. J., Bowler, J. M. and Joyce, E. B. 

Geoinorphology of the Hattah Lakes Region on the River Murray, southeastern Australia: a 

record of Late Quaternary climate change 27 

Mackness. B. 

New records of marine tardigrades (Arthrotardigrada) from Victoria 303 

Shield, J. M. and Strudwick, J. 

Diasterea, a new genus of Bower spider (Thomisidac ; Thomisinac) from eastern Australia and 
a description of the male Diasierea lactea 271 

St. Clair. R., Doeg, T. and Winsor, L. 

A survey for Spathiila tryssa Ball and other freshwater Batworms in the Victorian Alps with an 
evaluation of the conservation status of each species 43 

Wark, M. C. 

Regeneration of Melaleuca lanceolata Otto, and Melaleuca squarrosa Donn ex Sm. communities 
of the coast and river valleys in the north-eastern Otway Ranges 1-10 years after the wildfire 
of February 1983 173 

Willis, S. E., Laurenson, L. J. B., Mitchell, B. D. and Harrington, D. J. 

Diet of larval and juvenile black bream, Acanthopagrus butclieri, in the Hopkins River Estuary, 
Victoria, Australia 283 

TRANSACTIONS 

Alpine Symposium —Introduction vii 

Lawrence, R. E. —^The impact of land cover changes on hydrological sustainability in the 

Victorian alpine area ix 

—Vegetation changes on the Bogong High Plains from the 1850s to 1950s xxix 

Bruce, C. M., Lawrence, R. E. and Connelly, P. — Vegetation regeneration in a small 
catchment on the Bogong High Plains, Victoria xxiii 

Cummins obe, J. E.—1998 Memorial Oration i 

Foster, R. J. 

Climate-change debate: Geoscientists wanted Ivii 

Garrow oam, C.—Obituary liii 


ROYAL SOCIETY OF VICTORIA 



1999 

Patron: 

His Excellency, The Honourable Sir James Gobbo, AC, 
Governor of Victoria 

President: 

G. D. Sanson, BSc, PhD 

Vice-President; 

N. W. Archbold, BA, MSc, PhD 

Immediate Past President: 

H. H. Bolotin, MSc, PhD, DSc, FAIP, FFRSV 

Honorary Secretary: 

I. D. Endersby, BSc 

Honorary Treasurer: 

R. J. Fo-STER, be 

Honorary Librarian: 

B. J. Walby, MA, MSc, CChem, MRSC, FIMA 

Honorary Editor: 

M. Grover, BEd, BSc(Hons) 

Honorary Research Secretary: 

B. G. Livett, BSc(Hons), PhD 


The above Office-bearers are ex officio members of the Council of the Society. 


W. R. S. 

Other members of the Council are: 

P. G. Baines, BA(Hons), BSc, PhD 

W. D. Birch, BSc(Hons), PhD 

Briggs, ASTC, BSc, PhD, FIChemE(Lond), MRACI 

S. Crowe, MBBS, FRACP 


M. G. Lay, BCE, MEngSc, PhD, FIE(Aust), FTS 
P, C. Manins, BSc, BE(Hons). PhD, CCM, QEP, FSM, FTS 
F. Papa, BEno, CPEno, MIE(Aust) 

J. Polmear, AO, BMetE, MSc, DEno(Melb), FTS, FIE(Aust), FIMMA 
R. G. Ward, MA, PhD, FTS 
J. W. Warren, MA, PhD 
G. F. Watson, BSc, PhD, CBioi, 

J. W. ZiiXMAN, AO, BA, BSc(Hons), MSc, PhD, HonDSc, FAIP, FTS 



Executive Officer: 

C. B. van Megen 

Honorary Financial Advisor: 

Foster Streader Black Pty Ltd 

Honorary Solicitors: 

Phillips Fox 

Honorary Auditor: 

M. Kova-SSY, MAcc, CPA, AAIM 

Trustees: 

D. M. Churchill, BSc, MA, AAIM, PiiD 

Professor J. W. Warren, MA, PiiD 

Hon. Sir Edward Woodward, KT, OBE, LLM, QC 




K i ^ ttadB# JAYOfl - 

OflwMitifcology »t m !V %. ^ *5SS^»., «>iiaK»3ten^ AuMfiriM; a 


naajtrf «C L«tc CM(ci«|sr4 


QQQl 


V 


., I fci j a. . ■ ’ ■'■uaniv■< ', 

J, SI->1*11 ?'wt4Ti»». \ ; . •, • _ .■•/■ 

ii .A9wMp40» Hi tv nt*- ■—,at-' ; ,,. '27J 

■* », A «. » W 

Jft vfcAJHiL -R fWfi^ 

■'vMMa ■■<;* , 15 

;,'i ^ «• rtefciioi'Jl At i fwemdtt 

',‘«i^,_ •• -vv in*.'” ■»"'■■ JSc •tiiArs 

■'■.'HC..'; /will pRfttf M**X> :32M Jk>£ .1 ,a " f.. - ' 'WhvMiLS tnwfiiia.iP3 

,. ;^''*fc»)c^P’^>d'. -aU' .isSauiTj ;> ^ ^•wmiH 

'* • '* ***“•'«■ '• - 'r* -‘EjfWiirJt' 

I <a U --^mmviit imt0M3lH ^pnvinSlii' 

lo 3^.. VirK(ft|*»Al 'wvMh %,IOIi X*I*M«IT 


*4^t^ '.•‘i 






sA I*' ii«BW 


,JH -tilas. 


a' WM' 





m tus 

,r«^K ,»i . um^ ' 

■ . «B .f»V*ysp|JiW! JESft >*wf ,«5 .« 

isW '■'.^■1 JHtr<lts'iti :«8 .Jmm**) O 

, JWj. X 

jiT-i :iMaMjM'l .1 f- 

>.n o j. 

,AV w I 

<0*^ .*1^^ n .D- 

.wfwirfl .d*iB . 18 M >4 0*. >»**«« W t 


T» 

Uit 

ii4fei 

I 

'/_j’'1f“ ^^~;- 

' ^ '^vi 


V ;- 


yfiUtPlMUSi 

a<«»M *<w t* 


■ 


' '7 f:- 


aaj rtft w*w-«iw«'i9>«#'i 

& ^' (k 

^ ' 

MIAA ./BO ^»aK '^Mifctoaa- .M 

c-^. 

.uvi«- am.-tjsB ,j.i«*i»!«:5 ic « 

>il« W' ( »:«!»*•/» 

,.M:U JJ*?' .f jf .wUi*i.,«oifl a)^«4ft .«£ j^H 


^|lama^a^ yw^MwU 

^aolAkK Y'smtMiH 
■.ts>iM*«iWT 





, f 

i'\ 


■ ■ '>f “ V 


- .' L'*:' “.t’ v 






\ 

\ 


I 

I 


t 

I 

1 

i 


1 







INSTRUCTIONS FOR AUTHORS 


Papers considered for publication may be: Reviews. 
Reports of experimental or descriptive research, or Short 
Communications. Length of papers may vary but Short 
Communications should not exceed 1500 words. 

SUBMISSION 

The original and two copies of the typescript and all 
tables and figures should be submitted to the Executive 
Officer, Royal Society of Victoria, 9 Victoria Street, 
Melbourne. Victoria 3000. U.se International A4 bond 
paper for all copies; xerox-.stylc duplicates arc preferred 
to carbon copies. In a letter of transmittal give the names 
and addresses of three persons not directly associated 
with the work and outside the author's institution, who 
could act as referees. Except for short papers (less than 
10 manuscript pages) presentation of the final manuscript 
on word-processor floppy disk is essential. Authors or 
their institutions may be requested to contribute towards 
the cost of publication of the paper: in the case of very 
long papers, such contribution is mandatory. 

FORMAT 

All manuscripts should be written in clear and concise 
English. Use double spacing throughout; leave 30 mm 
margins around the text; number all pages. Underline 
only those words to be italicised in running text. All 
measurements are to be expressed in SI units (e.g. pm. 
mm, m, km. but not cm) and standard symbols used. 
Authors should follow the layout of headings, tables 
and illustrations as presented in a recent issue of the 
Proceedings. Papers should be organised as follows; 

1. A brief title, capitalised and, if possible, beginning 
with a key word. 

2. The name and address of the author(s), with super¬ 
scripts to distinguish addresses of multiple authors. 

3. A full reference to the paper, leaving space for the 
printer’s additions. 

4. A short abstract of not more than 200 words des¬ 
cribing the results (rather than the contents) of the paper. 

5. The main text. Capitalise the first word of the intro¬ 
ductory paragraph; do not use the heading ‘Introduction’. 
Within the text up to three grades of heading may be 
used, typed as follows: 

GRADE ONE HEADING 
Grade two heading 

Grade three heading. Followed by running text on the 
same line. 

Refer to illustrations of the p.-ipcr in the text .as ’Fig. 
lA, B’, ‘Figs I. 2’ or ‘Figs 1-4’, and indicate in the 
margins where the illustrations should be placed. Refer 
to references in the text as Birch (1985), (Birch 1985) 
or (Birch 1985: 2, fig. 1); multiple citations of references 
should be arranged chronologically. All references cited 
in the text must be listed at the end of the paper. Foot¬ 
notes in the main text are not allowed. 

In taxonomic work.s. synonymies should be of the same 
format as the following examples, with a d.ash preceding 
authors’ names except in the case of reference to the 
original description. 


Eudendrium generalis Lendenberg 1885: 351, pi. 6.— 
Lendcnberg 1887: 16. 

Eudendrium generale. —Hartlaub 1905: 515.—Watson 
1985: 196-200. figs 40-52. 

non Eudendrium generale. —Watson 1982: 89, pi. 10, 
fig. 3. 

Eudendrium lendenfeldi Briggs 1922: 150.—Rosier 1978: 
104, 120, pi. 20, figs 1-3. 

Note that plate and figure numbers, etc. originally given 
in Roman numerals should be transliterated into Arabic 
figures; this is also the case in the main text and in the 
references. 

6. Acknowledgements. These should follow the main text 
and be as brief as possible. 

7. References. These should confonn in arrangement to 
the examples below, but do not type authors’ names in 
capitals. Journal titles must be cited in full as they appear 
on the title p.age. 

Birch, W. D., 1985. C.alc-silicate rocks at Toolangi, 
Victoria. Proceedings of the Royal Society of 
Victoria 97: 1-18. 

MacPherson, J. H. & Gabriel, C. J.. 1962. Marine 
Molluscs of Victoria. Melbourne University Press, 
Melbourne, xv-l475 pp. 

Parsons, W. T., 1982. Weeds. In Atlas of Victoria, 
}. S. Duncan, cd.. Victorian Government Printing 
Office. Melbourne. 122-125. 

8. Tables and Figures. Each table with its title should 
be typed on a separate sheet. A separate sheet should 
also be used to list captions to figures in numerical order. 

ILLUSTRATIONS 

These must be designed for one or two column width 
(67 mm or 140 mm) and should be submitted at repro¬ 
duction size; maximum length is 193 mm. Photographs 
should be supplied as unmounted, glossy prints labelled 
on the back; a Figure that is a composite of several 
photographs should be mounted on paper (not card). 
Line drawings should be made in black ink and supplied 
as glossy or flat prints; scales must be included and 
compass directions included where necessary. On com¬ 
posite Figures, items should be labelled A, B, C, etc. 
(not a. b, c). In the case of tables to be reproduced 
directly from copy, italic typeface not underlining must 
be used for italicised words. Oversize illustrations, tables 
or maps may be accepted for publication as foldouts only 
if the author meets iill costs involved in their production. 
Maximum size for foldouts is 193x285 mm. 

PROOF,S 

Authors will normally receive one set of mock page 
proofs; this is for the purpose of correcting printer’s 
errors and not for altering the wording or substance of 
the paper. Authors may be charged for excessive 
alterations at this stage. 

REPRINTS 

Individual authors are supplied with 25 reprints free of 
charge; joint authors receive a total of 30 reprints. 
Additional reprints may be ordered by returning the order 
form that accompanies the mock page proofs. 
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